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Radiative flavor models where the hierarchies of Standard Model (SM) fermion masses and
mixings are explained via loop corrections are elegant ways to solve the SM flavor puzzle.
Here we build such a model in the context of Mini-Split Supersymmetry (SUSY) where
both flavor and SUSY breaking occur at a scale of 1000 TeV. This model is consistent with
the observed Higgs mass, unification, and WIMP dark matter. The high scale allows large
flavor mixing among the sfermions, which provides part of the mechanism for radiative flavor
generation. In the deep UV, all flavors are treated democratically, but at the SUSY breaking
scale, the 3rd, 2nd, and 1st generation Yukawa couplings are generated at tree level, one loop,
and two loops, respectively. Save for one, all the dimensionless parameters in the theory are
O(1), with the exception being a modest and technically natural tuning that explains both
the smallness of the bottom Yukawa coupling and the largeness of the Cabibbo angle.
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I. INTRODUCTION
Unlike the gauge sector, the Standard Model (SM) flavor sector has a complicated
menagerie of dimensionless parameters whose values differ by orders of magnitude. Fur-
thermore, the patterns of masses and mixings of the SM fermions do not appear random,
even on a logarithmic scale; there is a hint of structure that emerges upon close inspection
(cf. Fig. 1). For example, the masses of the 3rd generation fermions are all much larger
than the masses of the 2nd generation fields with the same quantum numbers, which in turn
are all much heavier than the corresponding 1st generation fermions. The Standard Model
offers no explanation for any of this structure, with the Yukawa couplings simply given as
dimensionless inputs.
One possible explanation for the flavor structure stems from the following observation
about, for example, the up, charm, and top quarks
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FIG. 1: We take the running-mass values at the top pole-mass reported in [1] and divide
by v = 174.1 GeV, as used in [2].
This leads to the idea of radiative flavor breaking [3–17], where only the 3rd generation
Yukawa couplings are generated at tree level, while the 2nd generation Yukawas are generated
as one-loop effects, and the 1st generation is a two-loop effect. This is an old idea that has its
origins in trying to explain the electron mass as a loop effect of the muon mass [18–21]. This
framework not only explains the cascading down of the masses in different generations, but it
can also easily be embedded into a UV theory where all SM fields are treated democratically
so that different symmetry charges need not be given to the different fields.
Supersymmetric theories of radiative flavor generation [22–33] can incorporate many of
the usual advantages to supersymmetry (SUSY), including a natural dark matter candidate
and improved gauge coupling unification. In the context of radiative flavor generation, SUSY
has additional advantages. The non-renormalization theorems for the superpotential [34, 35]
mean that radiative corrections cannot generate new operators such as 1st and 2nd generation
Yukawa couplings. This forces flavor and SUSY breaking to be tied together, likely giving
a common scale to both phenomena. In addition, SUSY requires the theory to include
an additional set of particles which transform under flavor, the sfermions. While non-
supersymmetric theories of radiative flavor generation require introducing a host of new
fields, SUSY models are potentially more economical because the sfermions can contribute
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to generating the flavor hierarchy.
In order to use the sfermions to generate flavor, there must be large flavor breaking in
the sfermion sector. Unfortunately, if sfermions are at the weak scale, low energy flavor
tests require them to be nearly flavor diagonal [36], a difficulty encountered by many of
the early attempts to build such a model [22, 23, 29]. Because the Yukawa couplings are
dimensionless parameters, they are quite insensitive to the scale at which they are generated.
On the other hand, the flavor observables that constrain the flavor breaking in the sfermion
sector correspond to higher dimension operators, so they decouple quickly with heavier
sfermion masses. Therefore, spectra where the sfermions are much above the weak scale
such as Split [37–39] and Supersplit [2, 40, 41] Supersymmetry can be used for radiative
flavor generation with sfermions potentially as heavy as the GUT or Planck scale [31].
Motivated by the lack of evidence for SUSY at the LHC and the discovery of a Higgs
with mass near 125 GeV [42, 43], theories with sfermions much above the weak scale have
received renewed interest [44–51]. For reasons that will be reviewed in Sec. II, the data
points to a sfermion mass scale of msc ∼ 1000 TeV, and we refer to this framework as
Mini-Split SUSY [49]. In this work, we build a model where the SM fermion masses are
generated radiatively in a Mini-Split setup. The spectrum is outlined in Fig. 2: the MSSM
scalars as well as all the additional ingredients needed for the model are at the scale msc,
while gauginos are significantly lighter, around 10 TeV.
The flavor model has a U(1)F symmetry in the UV which forbids the Yukawa couplings.
However, unlike previous models, all of the SM matter multiplets are neutral under this
symmetry, with only the Higgs fields being charged. Therefore, the UV theory treats all the
SM fields democratically, and no special charges are needed for the different generations.
SUSY breaking occurs at the scale msc and seeds spontaneous U(1)F breaking. This allows
tree level Yukawa couplings to be generated for the 3rd generation fermions. The relative
smallness of the bottom and tau Yukawa couplings to the top Yukawa comes from a modest
and technically natural tuning, but this is the only hierarchy not automatically explained by
this model. Radiative corrections from the U(1)F breaking sector generate one-loop Yukawa
couplings for the 2nd generation. Finally, the 1st generation Yukawas are generated by two-
loop diagrams of sfermions which have large flavor breaking in their SUSY-breaking masses.
A schematic representation of the fermion mass hierarchies is given in Fig. 3. The CKM
matrix also has the right structure, with the small parameter required for a small bottom
Yukawa being the reason that the Cabibbo angle is larger than a loop factor. Finally, this
model preserves the predictions of gauge coupling unification and dark matter of Mini-Split
SUSY.
The organization of this paper is as follows. In Sec. II, we review the motivation and
spectrum of the Mini-Split SUSY framework. In Sec. III we describe our model and give the
parametric sizes of elements of the Yukawa matrices and translate those into the SM fermion
masses and mixing angles. In Sec. IV, we calculate the predictions of the model in detail
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FIG. 2: The spectrum of the model presented on a log scale. The heaviest known SM
particles are at the bottom around 100 GeV. The gauginos are at the 10 TeV scale with
the gluino typically heaviest and the Wino typically lightest and closer to 3 TeV. The rest
of the spectrum is roughly at the PeV (= 1000 TeV) scale, but they are typically spread
out over a couple of decades in mass. As discussed in Sec. IV, the messengers mix with the
squarks and sleptons.
including the spectrum of fields at msc as well as the SM fermion masses and mixings. We
also present a benchmark point in parameter space which faithfully reproduces SM flavor
observables (cf. Figs. 12 and 13). In Sec. V we describe the constraints on the model and
potential future phenomenology, and we conclude in Sec. VI.
II. REVIEW OF MINI-SPLIT SUSY
The discovery of a Higgs-like state with a mass near 125 GeV [42, 43] and the absence
of any direct evidence for superpartners at the LHC has led to a reconsideration of the
paradigm of weak-scale supersymmetry [44–51]. Raising the scalar masses far above the
weak scale introduces significant tuning in the Higgs mass relative to weak-scale SUSY. In
exchange for the loss of naturalness, we get a much simpler explanation of various phenom-
ena, including SUSY breaking and its communication to the MSSM fields. In this section
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FIG. 3: A schematic representation of the model given in this work. The top and d4 fields
have O(1) couplings to the Higgs, while the coupling of the b is somewhat smaller. The 2nd
generation gets one-loop couplings from the 3rd generation with ε being a loop factor. The
top and d4 seed Yukawa couplings for the up and down which are parametrically two-loop
size.
we will briefly review the basic setup envisioned in, e.g., [51], and describe why this leads
to more straightforward models.
We consider a SUSY breaking scale parametrized by a gravitino mass m3/2. If the field
that breaks SUSY is denoted as X, then the Ka¨hler potential contains Planck-suppressed
higher dimensional operators of the form∫
d4θ
1
M2Pl
X†XΦ†Φ, (2)
where Φ is a MSSM matter superfield. These yield scalar masses which are parametrically
msc ∼ m3/2. (3)
In generic models of SUSY breaking, X is not a total singlet and carries either gauge or
global charge. Therefore, the gaugino mass operator XWαW
α/Mpl is forbidden and the
leading contribution to gaugino masses comes from anomaly mediation [52, 53]. This gives
gaugino masses that are parametrically
m1/2 ∼ g
2
16pi2
m3/2, (4)
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where g is the relevant gauge coupling. Similar arguments show that a-terms are only
generated at loop level and are thus insignificant for computation of the spectrum.
For the Higgs sector, we can write down operators of the form∫
d4θ
(
1 +
X†X
M2Pl
)
(HuHd + h.c.) . (5)
This generates not only the SUSY breaking Bµ-term but also the supersymmetric µ-term
through the Giudice-Masiero mechanism [54]. They are of order
µ2 ∼ Bµ ∼ m23/2. (6)
This differs from the original Split SUSY construction [37–39] where the µ-term and thus
the Higgsinos had mass of order the gaugino masses. In this model, all the parameters in
the Higgs potential are O(m3/2), and among them one tuning is required to get the Higgs
vacuum expectation value (vev) and the mass of the lightest physical scalar to be of order
the weak scale. The remainder of the Higgs states and the Higgsinos all have mass O(m3/2).
The spectrum described above is shown in Fig. 2, but we have chosen the scale m3/2 ∼
1000 TeV. Having scalars at this scale gives a number of interesting results. First, radiative
corrections from the heavy stops raise the Higgs mass above the tree level bound of mZ .
The Higgs mass is logarithmically sensitive to the scalar masses, so there is a wide range
of stop mass which can give the observed Higgs mass, but for tan β being O(a few), the
stop loop can raise the Higgs mass to its experimentally measured value, and a detailed
computation is shown in Fig. 3 of [51]. This size for tan β follows naturally from having all
soft scalar masses come from the same source, as in Eq. (2). We thus expect m2Hu ∼ m2Hd ,
which predicts the moderate tan β needed for the measured Higgs mass to be consistent with
our chosen mass scale for the stops.
A second feature of scalars around 1000 TeV is that gaugino masses are of order 10 TeV,
with their spectrum well predicted by anomaly mediation plus the threshold corrections that
arise from the messenger and Higgsino sectors. This scale is mostly unexplored by current
collider searches, but is within reach of the next generation of energy frontier experiments.
The LSP in this framework is the lightest gaugino, and, because R-parity is conserved, it is
stable. Pure anomaly mediation predicts a wino LSP, which is a viable candidate for WIMP
dark matter with its relic abundance matching the observed value for dark matter if its
mass is around 3 TeV [55]. This dark matter candidate is becoming constrained by indirect
detection experiments [56–58], but it is still a possibility. In Sec. IV A, we will discuss the
full gaugino mass spectrum in the presence of threshold corrections, and we will explore the
possibilities for dark matter in more detail.
A third advantage of this scale is that gauge coupling unification works as well as in the
MSSM. As the scalars come in complete SU(5) multiplets, msc has little effect on unification.
On the other hand, the gauginos and Higgsinos are not in complete SU(5) representations,
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so their masses can have a strong effect. Split SUSY with a light µ was previously shown to
unify well [38], and raising µ in accordance with Eq. (6) is still consistent with unification [51].
The fourth feature of scalars at the PeV scale (PeV = 1015 eV) is that the SUSY flavor
problem is nearly nonexistent. The soft masses for Q,U,D,L,E in the MSSM are 3 × 3
matrices in flavor space, but if those matrices have generic weak scale entries then the
model will be badly ruled out by low energy flavor constraints. A similar statement can
be made for a-terms. In order for weak-scale SUSY to be viable, the soft mass matrices
must either be nearly proportional to the unit matrix [36], or approximately aligned with
the SM Yukawa matrices [59]. Models such as gauge mediation [60–64] solve this SUSY
flavor problem for weak-scale sfermions, but when the mass of the scalars is raised, it is
ameliorated as well. This is because the effects of squarks and sleptons decouple from low
energy flavor experiments like 1/mnsc, where n is a positive integer that depends on the
process. Detailed studies [65–68] have recently confirmed that PeV scale SUSY is safe from
nearly all low energy processes, with Kaon mixing and proton decay being notable exceptions
whose treatment requires more attention. We will discuss the bounds in detail in Sec. V,
but we will take that the soft masses for the matter partners as anarchic in flavor space.
Because of these advantages, we find that Mini-Split SUSY is an interesting laboratory.
In particular, the allowed large flavor mixing in the scalar sector provides a mechanism to
build a model which explains the SM flavor structure through radiative corrections. While
the anarchic flavor structure of the scalars can generate the 1st generation masses at loop
level from those of the 3rd generation [51], more structure is necessary to generate the full
SM spectrum. In the following sections, we will present such a model.
III. A MODEL OF FLAVOR
In this section we give a schematic description of the model and describe the parametric
sizes of the SM flavor parameters. We show the full spectrum in Fig. 2, present a benchmark
in Sec. IV, and the details of the calculations in the Appendices. We begin by describing
the dynamics needed for the up sector, and we will cover the rest of the SM fermions in
subsequent sections.
A. Up Sector
Our model is an extension of the MSSM with the spectrum broadly described in Sec. II.
The basic premise is that the hierarchy of masses between generations is a hierarchy in
the number of loops. Crucial to the setup is a means to forbid tree-level Higgs Yukawas
to all but the 3rd generation. Satisfying this criteria, we must then ensure the remaining
chiral symmetries are broken in stages to parametrically separate the first two generations.
7
TABLE I: Charge assignments of the Higgs and up-sector messenger fields. Here Rp
denotes the usual R-parity. Note that the MSSM fields q and u fields are neutral under
U(1)F .
Field U(1)F SU(3)× SU(2)× U(1) Rp
Hu, Hd ∓2 (1,2)1/2 + (1,2)−1/2 +
Q, Q¯ ±1 (3,2)1/6 + (3¯,2)−1/6 −
U , U¯ ±1 (3¯,1)−2/3 + (3,1)2/3 −
Furthermore, the different couplings of the generations occur solely as a consequence of linear
algebra. We make no ad hoc or symmetry-based distinctions between them. To prevent
Yukawa couplings at tree level, we add a new U(1)F gauge group under which the Higgs
superfields are charged, but all other MSSM fields are neutral. We discuss complications
associated with a new gauge group such as anomalies in App. A. For the up sector, we also
introduce one additional generation of vectorlike messenger quarks, Q, Q¯ and U , U¯ which
have U(1)F charges such that a primordial Yukawa coupling λUQUHu can be written down.
The set of fields needed for the up sector as well as their charges are given in Tab. I.
In order to generate any Yukawa couplings, we need to spontaneously break U(1)F . This
requires the introduction of “flavon” fields shown in Tab. II. As described in App. B, we need
each of these fields in order to get a potential that generates the flavon vevs required for
SM Yukawas. The flavons get soft masses from the same mechanisms as the MSSM matter.
Taking φ as an example, the soft terms are given by
V softφ =
1
2
(m2φ)ij φ
†
iφj +
1
2
(m2φ¯)ij φ¯
†
i φ¯j − (bφij φiφ¯j + h.c) . (7)
Once we include the D-terms arising from U(1)F , the flavon scalar potential is analogous to
the Higgs potential in the MSSM, so there is a large region of parameter space that can be
chosen such that all the φ fields acquire vevs. Since all the dimensional parameters in the
potential are of the same order, we naturally get 〈φi〉 ∼ msc. The potential minimization is
described in more detail in App. B.
From the field content of Tabs. I and II, we can write down a general superpotential
Wup = λUQU Hu + λ¯UQ¯ U¯ Hd + f
q
ij qi Q¯ φj + f
u
ij ui U¯ φj
+µQQQ¯+ µU UU¯ + µHuHd + µ
φ
ijφiφ¯j , (8)
where we have ignored the interactions of the χ and ξ flavons for now. The f couplings
have flavor indices, but the λ couplings to the Higgs are just numbers. The µ-terms are all
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TABLE II: The set of flavon fields needed to break U(1)F , along with their charge
assignments.
Field U(1)F SU(3)× SU(2)× U(1) Rp
φ1,2, φ¯1,2 ±1 (1,1)0 +
χ1,2, χ¯1,2 ∓3 (1,1)0 +
ξ, ξ¯ ∓2 (1,1)0 +
of order msc and are generated via the dynamics of Eq. (5), so all the states described in
Tabs. I and II will have mass O(msc).
1. Top Yukawa
With these ingredients, we can generate a top Yukawa coupling at tree level, with all
other Yukawas still zero. This arises from the messenger exchange diagram in Fig. 4. When
U(1)F is broken by the vev of φ, the f couplings in Eq. (8) generate a mixing between the
MSSM-like fields and the heavy vectorlike fields. The f couplings have an index in φ doublet
space as well as an index in flavor space. We can choose our φ basis such that only φ1 gets
a vev and 〈φ2〉 = 0. If we set φ to its vev and ignore interactions of the propagating φ for
now, we see that f q and fu are just column vectors, so they are both rank 1. We can thus
choose bases for qi and ui such f
q
ij and f
u
ij are only non-zero in the “3” direction in flavor
space. This basis now defines the top quark. It is the only up-type quark to mix with the
vectorlike quarks. Thus, Fig. 4 only generates a top Yukawa coupling. This mechanism,
which is similar to that of previous works such as [5–7, 15, 25], allows a UV theory where all
the SM quarks are treated democratically to generate only a top Yukawa coupling at tree
level.
To calculate the top Yukawa from the interactions given in Eq. (8), we need to rotate the
fields as described above. We can make the schematic argument of the previous paragraph
more rigorous as follows: without loss of generality, we can use the U(3)q, U(3)u symmetries
that exist in the limit of zero f q, fu couplings to remove any interaction between the 1st
generation quarks and the flavons. In a generic basis, both φ1 and φ2 get vevs and we use
the residual U(2) symmetries to decouple the 2nd generation q and u fields from them. For
example, from the original q2 and q3, we get
q′3 =
f q22 φ2 q2 + (f
q
31 φ1 + f
q
32 φ2)q3√
(f q22 φ2)
2 + (f q31 φ1 + f
q
32 φ2)
2
, (9)
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FIG. 4: Feynman diagram for generating the top Yukawa coupling.
and q′2 is the orthogonal linear combination. Here and throughout we will use the name of
a field to represent a vev when the context is clear. We can now define the following two
matrices R and F
qi = Rijq
′
j F
q
ij = R
†
ikf
q
kj, (10)
where R is the matrix that rotates between the interaction and mass eigenbases for the
quarks, and F is the rotation of the f couplings into the mass basis. We make an analogous
rotation for the u fields and their couplings. By construction, only q′3 couples to the flavon
vevs. Since this defines the 3rd generation, we drop the ′ notation for this post-rotation state
hereafter.
Having performed the appropriate rotations on the quarks and f couplings, we are at
last in position to calculate the contribution to the top Yukawa from Fig. 4, getting
yt =
λU F
q
3iF
u
3j φiφj
µQµU
. (11)
We see that for dimensionless factors of O(1) and all dimensionful factors of the same order,
∼ msc, we get an O(1) top Yukawa. Of course, if there are no hierarchies in the parameters in
Eq. (11), then calculating yt requires us to go beyond the double-vev insertion approximation
of Fig. 4. Rather, after U(1)F symmetry breaking, we need to fully diagonalize the q3 − Q
and u3 − U mass eigenstates. We save the details of this discussion for Sec. IV C, but we
stress that a full treatment of the top Yukawa maintains its O(1) parametric size.
2. Charm Yukawa
The U(1)F -breaking dynamics which generate a tree-level top Yukawa coupling also gen-
erate a charm Yukawa at one loop. This occurs through the two processes shown in Fig. 5.
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FIG. 5: Feynman diagrams for generating the charm Yukawa coupling. We use the
convention that fields which get vevs such as φ and Hu have tildes over their fermions,
while fields which do not get vevs such as Q and u have tildes over their scalar components.
These two diagrams contain the same superpotential f q and fu couplings from Eq. (8), but
we must perform a SUSY rotation to get from the flavon-messenger diagram to the flavino-
smessenger diagram. While the 〈φ〉 can be rotated so it only points in one direction, there
are still two propagating fields, so we can define the 2nd generation of quarks as the linear
combination that does not couple to 〈φ〉 but does couple to the propagating φ. This defines
the 1st generation as the quark which does not couple to φ at all.
Because of the U(1)F gauge symmetry, there is a D-term of the form
V D =
g2F
2
(
φ†iφi − φ¯†i φ¯i + ...
)2
. (12)
This generates a flavon four-point coupling, allowing us to draw the diagram on the right
side of Fig. 5. This diagram must connect a φ that does not get a vev to one that does
in order to generate a charm mass. This can only happen if there is misalignment between
the basis where the vev points in a single direction and the basis where the mass matrix
is diagonal. While this generically occurs for our flavon potential, the size of the flavon-
messenger diagram is suppressed by this misalignment.
Thus, we need to construct the supersymmetrized version of this diagram, a flavino-
smessenger diagram, to get a charm Yukawa of the right size. Clearly this is only possible if
the flavino φ˜ has a Majorana mass. As we can see from Tab. II, the following superpotential
operators are allowed
W = λijφiφjξ + λ¯ijφ¯iφ¯j ξ¯ + λ
′
ijφiχj ξ¯ + λ¯
′
ijφ¯iχ¯jξ . (13)
These generate the desired flavino mass if ξ gets a vev. This is the mechanism shown on
the left side of Fig. 5, which turns out to be the dominant contribution to the charm mass
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FIG. 6: Feynman diagram for generating the up Yukawa coupling.
and justifies the inclusion of the ξ flavon in the theory. As we will show in App. B, the ξ
and ξ¯ flavons serv several other important functions, which explains the flavon content of
Tab. II.
The diagrams in Fig. 5 also generate Yukawa couplings of the form q3u2 and q2u3 which
are parametrically one loop. They also give small corrections to the top Yukawa coupling.
We will give a detailed description of the computation of the one-loop Yukawa couplings in
App. C 1, with the dominant contribution to charm given in Eq. (C1).
3. Up Yukawa
Finally, we can generate an up quark Yukawa coupling and fill out the rest of the Yukawa
matrix through the diagram in Fig. 6. It was pointed out in [51] that these diagrams have
the correct parametric size to generate the up quark mass, and we utilize this here. This
diagram is one loop, but it has a chirality flip coming from the gluino mass rather than a
primordial Yukawa coupling used in the processes of Figs. 4 and 5. Therefore, this diagram
will be suppressed by mg˜/msc, which from Eq. (4) is a loop factor. Therefore, the up Yukawa
coupling generated by the diagram in Fig. 6 is parametrically of two-loop size.
The coupling to the Higgs still comes from the top Yukawa coupling, but here we use the
fact that the squark soft masses are anarchic in flavor space as the source of flavor breaking.
In the mass insertion approximation [23], one can imagine q˜3 and u˜3 coupling to the Higgs,
and then each being converted to a different flavor by an O(1) mass insertion. Fig. 6 is
drawn in this way, but for truly anarchic mixing, a better picture is that the squarks that
couple to the Higgs have couplings between the gluino and all three flavors of quarks. Here
we see that it is crucial that the mass of the squarks be much above the weak scale, because
if not, the mass insertion would be constrained to be small, and the loop diagram in Fig. 6
would be too small to generate the up mass. The expression for the up Yukawa and related
mixing diagrams is given in Eq. (C19), where flavon vev insertions are summed to all orders
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TABLE III: Fields needed to generate the down and lepton Yukawa couplings in addition
to those in Tabs. I and II, as well as their charges.
Field U(1)F SU(3)× SU(2)× U(1) Rp
E, E¯ ±1 (1,1)1 + (1,1)−1 −
D, D¯ ∓3 (3¯,1)1/3 + (3,1)−1/3 −
L, L¯ ∓3 (1,2)−1/2 + (1,2)1/2 −
`4, ¯` 0 (1,2)−1/2 + (1,2)1/2 −
d4, d¯ 0 (3¯,1)1/3 + (3,1)−1/3 −
to diagonalize the squark-smessenger masses.
Thus we see that with the fields introduced in Tabs. I and II, we can get an up-type
Yukawa matrix which is parametrically of the form
yu ∼

ε2 ε2 ε2
ε2 ε ε
ε2 ε 1
 , (14)
where ε is a loop factor. This matrix gives quark masses (mt,mc,mu) ∼ v(1, , 2), which
is the right power counting to match the measured quark masses. The structure of the
model is shown diagrammatically in Fig. 3. In Secs. IV C, IV D, and App. C we will give
more explicit computations of the quark Yukawa couplings and show how the SM can be
numerically reproduced.
B. Down and Lepton Sectors
Because unification is a feature of SUSY even in the split regime, we build a model
that is manifestly consistent with SU(5) unification.1 Therefore, we must add a vectorlike
E messenger field which has the same SM quantum numbers as the MSSM right handed
electron, and the same U(1)F charge as Q and U to complete the 10 representation. In
order to generate down and lepton type Yukawa couplings, we must also add a vectorlike
5¯ representation. Thus we have a full vectorlike generation of messengers charged under
1 We do not attempt to solve the doublet-triplet splitting problem for the Higgs that is ubiquitous in all
SUSY GUT constructions.
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U(1)F . The additional particle content needed to generate the down and lepton Yukawa
couplings is given in Tab. III, while the full particle content of our model is given in Tab. VI
in the Appendix.
The up-type field content can be described in SU(5) language as 10i10j5H where i and j
are SM flavor indices. Similarly, both the down and lepton type Yukawas can be described
as 10i5¯j5¯H . Therefore, in the rest of this section we describe the generation of down-type
Yukawa couplings, but the leptons can be derived by trivial replacements within SU(5)
representations.
As described in Sec. II, the Mini-Split SUSY scenario works for tan β of moderate size, so
the bottom and τ Yukawa couplings are parametrically smaller than that of the top quark.
Therefore, if we were to use the same dynamics as we used for the up-type quarks, we would
expect, for example, md/mu ∼ mb/mt. Because it is of critical importance that the down
quark be comparable in mass or heavier than the up quark, we enhance the structure of the
model to fix this relation. We add an additional vectorlike down-type quark pair: d4 and its
conjugate partner d¯, which are neutral under U(1)F . Unlike the D, d4 can mix with the SM
di because they have the same (trivial) U(1)F charge, and we have an additional “barred”
version of the flavon coupling, as d¯ couples to χ¯.
With this field content, we can write the following superpotential
Wdown = λDQDHd + λ¯D Q¯ D¯ Hu + f
d
ij di D¯ χj + f¯i d¯ D χ¯i
+µDDD¯ + µ
d
i did¯+ µ
χ
ij χiχ¯j , (15)
where again all the dimensionless couplings are O(1) and all the dimensionful terms are
O(msc). We can now choose a basis in flavor space such that µd only points in one direction,
and this direction picks out the fourth generation of d. This shows that the fourth gener-
ation d4 and d¯ will be heavy while the remaining three generations will be massless before
electroweak symmetry breaking.
After choosing µd to point only in the ‘4’ direction, there is still a residual U(3)d flavor
symmetry in the absence of the fd coupling. This symmetry exists even if fd has an O(1)
entry in the ‘4’ direction in d flavor space. Thus, it is technically natural for all the fd
couplings to the SM-like d triplet to be small. This is the scenario we take in this model,
namely
fd ∼

yb yb
yb yb
yb yb
1 1
 , (16)
in a generic basis where only µd has been rotated into the fourth component. We have
dropped O(1) coefficients in each entry. Here yb is parametrically the size of the bottom (or
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FIG. 7: Feynman diagram for generating the bottom and d4 Yukawa couplings.
τ) Yukawa coupling, and the choice of the coupling of the form of fd represents a technically
natural tuning of order 10%. This is the only parametric hierarchy in the flavor sector not
explained by our model.
We now see that there is a process analogous to that of Fig. 4 for the bottom and d4
quarks shown in Fig. 7. As in the top case, we can pick a basis where the χ vev is only in
one direction, and then we can use the U(3)d symmetry to make the f
d coupling to the χ
vev parametrically fd〈χ〉 ∼ (0, 0, yb, 1). Since we have a fourth generation, the down Yukawa
matrix at the scale of U(1)F breaking is now 3 × 4 and it is given by the outer product
of fd〈χ〉 with the corresponding coupling from the q doublet f
q
〈φ〉 ∼ (0, 0, 1) computed in the
previous section.
One-loop 2nd generation masses proceed in nearly the same fashion as in the up sector
through the diagrams in Fig. 5 with up-type quarks replaced by down-type, and χ replacing φ
where necessary. The flavino-smessenger diagram requires the use of the χφξ¯ coupling given
in Eq. (13). This shows that the U(1)F charge assignments given in Tab. II are optimal for
this model because they allow the generation of both up- and down-type flavino diagrams.
The one-loop strange mass diagrams require d2 to couple to χ, so they are parametrically of
size yb ε, where ε is again the loop factor. This is because the parametrization of Eq. (16) is
natural only if all SM-like couplings to χ are O(yb), thus the one-loop diagram has a small
coupling. The parametrics of this model then predict that ms/mb ∼ mc/mt, a relation that
is good to within a factor of a few in nature.
Finally, we can fill out the rest of the Yukawa matrix with the process analogous to that
shown in Fig. 6. Besides the obvious substitution of u with d, the main difference is that
the coupling to the Higgs now comes from the fourth generation down squark instead of
the sbottom. That Yukawa coupling is O(1) instead of O(yb). Because d4 has the same
quantum numbers as the SM di, we expect that SUSY breaking soft terms mix d˜4 strongly
with all the SM down-type squarks. Therefore the fourth generation Yukawa coupling can
be transmitted to all the other down-type squarks parametrically at two-loop order. Thus,
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we see that adding this fourth generation changes the incorrect relation of md/mb ∼ mu/mt,
to the much more accurate one md/mt ∼ mu/mt because the fourth generation Yukawa and
that of the top Yukawa are the same parametric size.
Putting all the results together, the Yukawa matrix in the down sector is parametrically
of the form
yd ∼

ε2 ε2 ε2 ε2
ε2 yb ε yb ε ε
ε2 yb ε yb 1
 . (17)
Here, yb is the approximate bottom Yukawa coupling, which is somewhat larger than ε '
g2/16pi2, the loop factor. While they are not so different in size, we keep track of the
parametrics separately so the different physical mechanisms can be more easily understood.
This Yukawa matrix is 3× 4 because it describes the coupling of 3 q’s to 4 d’s. This matrix
holds at the scale msc where U(1)F is broken. At lower scales, the d4 can be integrated out
because it has a large supersymmetric mass, and the fourth column of the matrix can simply
be truncated at leading order.
After this truncation, we have a 3 × 3 matrix which gives the quark masses as
(mb,ms,md) ∼ v(yb, yb ε, ε2), and we have ε < yb < 1. This shows that the down sec-
tor has a parametrically different hierarchy than the up sector. Instead of equal steps going
down in generation, this model explains why the ratio of the strange to bottom mass is
smaller than down to strange. The full cascading structure of the quark masses in this
model is shown in Fig. 3.
As explained above, the structure of the leptons is nearly identical with q replaced by e
and d replaced by `. The most important change is that the diagram analogous to Fig. 6 for
the leptons has a bino exchange instead of a gluino. Thus we get that me/md ∼ g41/g43 ' 0.03,
where two of the factors of the gauge coupling come from the coupling to the gaugino, and
two more come from the gaugino mass in Eq. (4). Here we have run the gauge couplings
up to msc ' 1000 TeV where this diagram is generated. The parametric estimate for the
relative size of the electron and down is somewhat small, but it is not too far off. We now
see that our model successfully predicts the masses of the SM fermions at the parametric
level, and all that remains is the mixing angles between the quarks.
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C. CKM Matrix
At scales well below msc, we have the following parametric Yukawa matrices taken from
Eqs. (14) and (17):
yu ∼

ε2 ε2 ε2
ε2 ε ε
ε2 ε 1
 , yd ∼

ε2 ε2 ε2
ε2 yb ε yb ε
ε2 yb ε yb
 . (18)
In order to compute the CKM matrix, we use the standard procedure of finding the matrices
which diagonalize yu and yd. In particular, we have
V †u y
u†yu Vu = 1/v2 diag(m2u,m
2
c ,m
2
t ) , (19)
where Vu acts on the “q” indices of y
u. There is an analogous formula for yd. From Eq. (18)
we can compute
Vu ∼

1 ε ε2
ε 1 ε
ε2 ε 1
 , Vd ∼

1 ε/yb ε
2/yb
ε/yb 1 ε
ε2/yb ε 1
 , (20)
where we have taken ε yb  1. In reality, we will soon see that ε/yb ' sin θc ' 0.2 where
θc is the Cabibbo angle and not that much smaller than 1.
To compute the CKM matrix, we simply take
VCKM = V
†
uVd ' Vd, (21)
where the second relation comes from the fact that Vu more closely approximates the unit
matrix than does Vd. This parametric relation, predicts, for example, |Vus||Vcb| ' |Vtd|,
which holds very well in nature.
The above discussion is only applicable to the absolute value of the elements of the ro-
tation matrices, but in general, we expect every element of yu and yd to have independent
phases. Taking (yu)33 from Eq. (11) as an example, we see that all the λ, F and µ couplings
will have phases, so the total coupling will also have a phase. Similar arguments can be
made about the other elements of the Yukawa matrices, with different couplings entering
the computations so they will have independent phases. Therefore, in the absence of can-
cellation, the physical phase of the CKM matrix will also be O(1). In Sec. IV D we will
describe a point in the parameter space of this model which reproduces the Standard Model
more accurately, but, just from the parametric estimates of this section, we see that we have
succeeded in explaining nearly all the hierarchies of the SM flavor sector.
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IV. COMPUTING THE SPECTRUM
In this section we give the details of the computation of the masses of the various states
in the theory, including the gauginos, the light Higgs, and of course the SM fermions. We
also describe a benchmark point in parameter space so that we can give definite numbers
for every effect for at least one point in parameter space. The details of the benchmark
including the reproduction of the SM flavor parameters is described Sec. IV D.
A. Gaugino Spectrum, Unification, and Dark Matter
In our framework, the gauginos are the only states that are relatively light and could be
probed in the near future, so it is important to have a precise understanding of the mass
hierarchy for phenomenological reasons. As stated in Sec. II, the gaugino masses are on the
anomaly-mediated trajectory above the messenger scale µM ∼ msc. Because SUSY is broken
at the messenger scale, integrating out the messengers will induce threshold corrections that
will deflect them from their anomaly-mediated values. The Higgs states will also shift the
gaugino masses, but they must be treated with care because one of the states remains light.
Our flavor model requires one set of 10 + 10, containing Q and U and their conjugates,
and two sets of 5 + 5¯, one containing D and the other d4. The soft masses and b-terms for
the messengers are generated by the Giudice-Masiero (GM) mechanism [54], as in Eq. (5).
The b-term generated by the GM operator is opposite in sign to that obtained from a
superpotential mass term which explains why the messengers do not decouple. As described
in [69], the threshold correction due to each messenger pair depends on the supersymmetric
messenger mass µM , the holomorphic SUSY breaking mass, bM , and the soft mass m
2
M . We
define the following dimensionless ratios for a given messenger pair M :
rM = |bM |/|µM |2 c2M = m2M/|µM |2 . (22)
We can compute the threshold correction for a given messenger pair with Dynkin index
CM defined as 1/2 for a fundamental of SU(N) and Y
2 for hypercharge. The threshold
correction is then given by
∆mi˜ = −2eiθMCM
αi
2pi
ft(y1, y2)
|bM |
|µM | , ft(y1, y2) =
y1 log y1 − y2 log y2 − y1y2 log(y1/y2)
(y1 − 1)(y2 − 1)(y2 − y1) ,
(23)
with yi = M
2
i /|µM |2, where M21,2 are the eigenvalues of the scalar messenger mass-squared
matrix with M1 > M2 and are given by
y1 = 1 + c
2
M + rM , y2 = 1 + c
2
M − rM . (24)
The phase is defined as θM = arg(bM/µM) and vanishes if the contact terms in Eq. (5) are
absent, which is the pure GM limit, since in that case both bM and µM arise from the same
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operator. In general, the phase will be non-zero, and we work in a convention where µM is
real.
For the Higgs doublets, we are taking2 µH ∼ msc, so they act as an additional messenger
pair that contributes its own threshold correction. Because one linear combination of the
doublets is tuned to be light, the form of the threshold correction is different:
∆mi˜ = −
αi
4pi
|µH |eiθH sin 2β m
2
A
|µH |2 −m2A
log
|µH |2
m2A
, m2A =
2rH
sin 2β
|µH |2, (25)
where rH = bH/|µH |2 and mA is the physical pseudoscalar mass which is approximately
degenerate with the rest of the heavy Higgses. Note that with our conventions, there is
an overall sign here relative to expressions found elsewhere in the literature [70]. Here
we work in the convention where bH is real, so θH = arg(µH). Since tan β = O(1) and
µH ∼ mA = O(msc), the Higgsino threshold corrections are comparable in size to those of
the messengers. Furthermore, as emphasized in [70], the phase freedom allows for a rich
spectrum of gaugino masses, since interference between the various contributions can lead
to wino, bino, or gluino LSP.
We now describe the parameters of the gaugino sector for our benchmark point. The
spectrum contains a 3.0 TeV wino LSP for suitable dark matter phenomenology, which
we will discuss below. For consistency with the SM flavor analysis, we integrate out all
heavy states at 1000 TeV. The threshold corrections can then be calculated as described
above, using the Dynkin indices in App. D. We then run down all the masses to the TeV
scale and include any appropriate pole mass corrections. Since we have not considered the
lepton sector in any detail, we simply assume the parameters are the same as those for the
quarks in the same GUT multiplet. For simplicity, we have taken all of the phases in the
messenger sector to be pi (except for d4, l4), and take θH = 0, which means the Higgsino
threshold correction is opposite in sign to the contribution from AMSB. Generalizing to O(1)
phases does not change the picture significantly. To obtain our benchmark spectrum with
a wino LSP and a decently-sized gluino mass (needed for 1st generation Yukawas), we take
m3/2 = 1100 TeV. Tab. IV contains all the messenger and Higgs sector input parameters
relevant for calculating the gaugino spectrum in the way described above.
The discussion above was predicated on the assumption of no mixing between quark and
messenger fields. However, as described in Sec. IV C 1, once the flavons get vevs there is
mixing between squarks and smessengers as well as mixing between 3rd generation quarks
and messengers. In computing the gaugino spectrum, we take this mixing into account, and
the detailed formula is given in App. D. In fact, proper accounting of mixing decreases the
messenger threshold corrections by a factor of a few, since these are dominated by Q and
2 Note that our notation differs here slightly from Sec. II to make it clear that µH and bH are the parameters
in the Higgs potential, but, in this context, the Higgs multiplet is another messenger.
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TABLE IV: Benchmark parameters for the messenger and Higgs sectors. cH is fixed by the
requirement of a light Higgs state. The c column for D contains two values because here
we take different soft masses for D and D¯; similarly for d4.
Messenger µM cM rM θM
Q 1000 1.17 1.1 pi
U , E 1000 1.58 1.15 pi
D, L 750 3.0, 3.46 2.0 pi
d4, l4 728 3.36, 3.81 0.5 0
H 2400 fixed 7.8 0
we have large q3-Q mixing. We find that the messenger corrections are about an order of
magnitude smaller than the AMSB soft masses. The gaugino pole masses are mW˜ = 3.0
TeV, mB˜ = 13.3 TeV, and mg˜ = 20.9 TeV.
Taking these gaugino masses, we can examine gauge coupling unification. The Mini-
Split framework differs from regular Split SUSY only in that µH is large, i.e. at the same
scale as the sfermions. In an analysis [51] carried out with a similar gaugino spectrum
and µH = msc = 1000 TeV, it was shown that raising µH results in good unification with
no messengers, with a predicted α3(mZ) = 0.111 as compared to the experimental value
of α3(mZ) = 0.118 ± 0.003 [71]. This is consistent with unification because there are in
general unknown threshold corrections at the GUT scale of O(1/4pi).3 Therefore, we see
that with our field content, the model is consistent with unification. The cases of N = 1
and N = 4 messengers were also studied, with sfermions, messengers, Higgsinos and heavy
Higgses all introduced into the two-loop running at a common scale of msc. Unification still
works well and occurs at a slightly larger scale, with a larger coupling at unification and
a slightly smaller predicted α3(mZ), as N is increased. Our extra matter charged under
the SM, i.e. the messenger sector and fourth down-type generation, corresponds to N = 5.
The gauge couplings do not blow up because the messengers are heavy. In fact, because
of the high messenger scale, perturbative control is retained even for N = 6. For our
benchmark with N = 5, the unification scale is 1.1 × 1016 GeV, α−1 = 9.3 at unification,
and g3 − g2 = 0.05 at the GUT scale corresponding to a predicted α3(mZ) = 0.109.
Finally, we can summarize the dark matter scenario, which is qualitatively very similar
3 In [72] it was argued that this spectrum is inconsistent with unification, but that work requires that the
gauge couplings unite much more precisely than the parametric size of the threshold corrections.
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to that described in [51]. Because the µ-term for the Higgs is so much larger than the
gaugino masses, the wino and bino do not mix with one another or with the Higgsino and
are very nearly pure states. If the wino is the LSP, then it has a weak scale annihilation
cross section and will behave as a usual WIMP. It will have the right relic abundance if it
has a mass around 3 TeV [55]. In this case, there would be WIMP annihilations in regions
of high dark matter density such as the galactic center, and these could be looked for as
indirect dark matter detection signals. Results from various telescopes [56–58] have placed
stringent constraints on thermal wino dark matter which are in tension with this scenario
for the standard dark matter halo profiles. On the other hand, for profiles that are less steep
or cored near the galactic center, this scenario is still viable.
One could imagine many other dark matter scenarios consistent with the Mini-Split
framework and the model presented here. For example, if the wino is lighter than 3 TeV,
then it will only make up some of the dark matter, but the rest could be made up of another
particle such as an axion. Alternatively, if the LSP is produced non-thermally [73–75], then
its mass could be heavier than 3 TeV. Our model could also produce a bino LSP with
different choices of the parameters in Tab. IV. While a thermal bino would overclose the
universe, it could be nonthermal, or its abundance could be reduced by the co-annihilation
mechanism [76]. From this analysis we see that while the flavor dynamics do not directly
affect the dark matter story, the two sectors fit well together in the framework of Mini-Split
Supersymmetry.
B. Higgs Mass and Quartic
Since SUSY is broken well above the scale of electroweak symmetry breaking, SU(2) is
preserved to a very good approximation, and thus, as in previous Split SUSY models, the
tuning in the Higgs sector produces one light doublet, which includes the SM-like Higgs,
and one heavy doublet, with degenerate scalars of mass mA. The leading contributions to
the mass of the light Higgs are the usual ones in Split SUSY models. At tree level, there is
a contribution from the D-term of the SM SU(2) × U(1) gauge group, and there are loop
contributions arising from the large splitting between the top and stop quarks. These are
analyzed in detail for a 125 GeV Higgs in [2, 51].4 If the scalars all have a common mass
msc, then the Higgs mass essentially depends only on msc and tan β (aside from a very
slight dependence on the wino and gluino masses). A 125.7 GeV Higgs mass [77, 78] implies
λ = 0.26 at the weak scale. Running this up to a scale of msc = 1000 TeV and taking only
the gauginos to be below msc gives λ = 0.058. Both the tree level and one loop contributions
to the quartic depend on tan β, and a quartic of the right size can be obtained in the MSSM
4 We thank Gian Giudice for helpful discussion on the results of [2] concerning these effects.
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FIG. 8: Feynman diagrams the Higgs quartic generated by the U(1)F D-term.
with msc = 1000 TeV if tan β = 2.2.
In this model, there are additional subdominant contributions to the Higgs quartic, so
the relationship between the Higgs mass and tan β will be modified. The first of these arises
from “non-decoupling D-terms” [79, 80] from the new U(1)F . The D-term is of the form
V D =
g2F
2
(
φ†iφi − φ¯†i φ¯i − 3χ†iχi + 3χ¯†i χ¯i − 4ξ†ξ + 4ξ¯†ξ¯ − 2H†uHu + 2H†dHd + ...
)2
, (26)
where the ellipses include terms with the messenger fields which do not get vevs. Expanding
this out generates a Higgs quartic. We can also integrate out the flavons and use the fact
that they get vevs to generate additional Higgs quartics. These contributions are shown in
Fig. 8. Thus, we generate the coupling
λ′F
2
(
H†uHu −H†dHd
)2
→ λF
2
(H†H)2 (27)
λF = 4g
2
F cos
2 2β
(
1− 1
2
g2F
∑
φ,χ,ξ
(qv)i(m
2)−1ij (qv)j
)
, (28)
where the sum is over real and imaginary components of all flavon species. Here, (qv) is a
vector of the flavon vevs multiplied by their U(1)F charges, where the charge is the same
for both real and imaginary components. The matrix (m2)−1 is the inverse of the flavon
mass squared matrix in the vacuum, and we take all the flavon vevs to be well above the
electroweak scale. In the limit where U(1)F is Higgsed supersymmetricly, λF must go to
zero, which will occur as a perfect cancellation between the two terms in Eq. (28). In a
general region of parameter space where the soft masses and the supersymmetric mass are
comparable, there is still a partial cancellation between the two terms in Eq. (28), with λF
about an order of magnitude smaller than 4g2F . For the benchmark described in this section,
λF , which comes from the U(1)F D-term, is 0.013, compared to the tree-level MSSM value
of 0.037.
The new vectorlike states in this model have large couplings to the Higgs, so they will
contribute to the Higgs quartic through loops. As these loops must vanish in the supersym-
metric limit, they are sensitive to the splitting between scalar and fermion masses. Therefore,
the effects of the stops are parametrically larger than those of the new vectorlike states. We
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here compute the full one-loop contribution to the Higgs quartic in the unbroken electroweak
theory. Because the (s)tops mix with messengers, it is difficult to disentangle the different
effects, and we compute all the one-loop threshold corrections in the mass basis. The dia-
grams are scalar bubble, triangle, and box diagrams, as well as fermion box diagrams and
external line corrections from Higgs wavefunction renormalization. Since our Higgsino mass
is O(msc), we also consider the MSSM contributions from mixed gaugino-Higgsino boxes and
contributions to the Higgs field-strength renormalization. In the benchmark, the up-type
new generation contributes 0.014 while the new down-type fields contribute 9×10−4 to the
Higgs quartic. In a realistic model, there would also be contributions from the lepton sector,
which we estimate to be 1/Nc of the down contribution. Once we sum up all the tree level
and one-loop contributions, we obtain the right Higgs quartic and mass with tan β = 1.8.
Therefore, we see that while the effects from the model are indeed subdominant, they need
to be taken into account to properly compute the spectrum.
C. Mass Eigenstates and Wavefunction Renormalization
Before computing the SM flavor parameters in detail, it is necessary to address effects that
can induce O(1) changes to the basic arguments of Sec. III. They are the full diagonalization
of the (s)quark-(s)messenger fields after U(1)F breaking and the one-loop wavefunction
renormalization. We stress that the parametric hierarchies given by loop counting are left
intact by these considerations, but they can have important numerical effects. We consider
them in turn.
1. Diagonalization
Once the flavons get vevs, the UV distinction between quark and messenger superfields
breaks down. In the fermion sector, only the 3rd generation mixes at tree level. For q3 and
u3, we need only consider the 2×2 mixing with the Q, U messengers. We denote the mass
eigenstates as q′3 and Q
′ with the lower case q′ representing SM states, while the capital
Q′ is a state with mass
√
µ2Q + |F q3i φi|2; µQ is the supersymmetric mass for the messengers
defined in Eq. (8), and F is a rotation of the superpotential coupling defined in Eq. (10).
We here take the convention where µQ is real. The mixing is then parametrized as q3
Q
 =
 cq s∗q
−sq cq
  q′3
Q′
 , (29)
with
cq =
µQ√
µ2Q + |F q3i φi|2
, sq =
F q3i φi√
µ2Q + |F q3i φi|2
, (30)
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and analogous expressions for u and d. For notational compactness, in this section we often
use the same notation for both the scalar field and its vev. In the case that F q3i φi is real,
cq, sq just become cosine and sine of a rotation angle. After rotating to mass eigenstate
basis, Eq. (11) for the top Yukawa is modified to
yt = λUsqsu, (31)
where we recover our earlier formula in the limit µ F φ.
Since d3, d4, and d¯ couple to flavon vevs, the diagonalization in the down sector is more
complicated. The fermion mass matrix takes the form
(d¯ D¯)
 0 µd f¯iχ¯i
F d3iχi F
d
4iχi µD


d3
d4
D
 . (32)
To find the SM down quark eigenstate d′3, we solve for the null space of the matrix above,
yielding
d′3 =
(
µdµD − F d4iχif¯jχ¯j
)∗
d3 +
(
F d3iχif¯jχ¯j
)∗
d4 −
(
µdF
d
3iχi
)∗
D√
|µdµD − F d4iχif¯jχ¯j|2 + |F d3iχif¯jχ¯j|2 + |µdF d3iχi|2
, (33)
where f¯ is defined in Eq. (15), and F d is analogous to F q, derived from fd in Eq. (15). Our
expression for the bottom Yukawa is thus replaced by
yb = λD sq
µdF
d
3iχi√
|µdµD − F d4iχif¯jχ¯j|2 + |F d3iχif¯jχ¯j|2 + |µdF d3iχi|2
. (34)
Once we perform this rotation, d′3 decouples, and we are left with a 2 × 2 Dirac mass matrix
that we diagonalize in the usual way. We summarize the product of rotations as
dimass = Γ
†ij
d d
j
gauge,
d¯imass = Γ
†ij
d¯
d¯jgauge, (35)
where d ≡ (d3, d4, D) contains both quark and messenger fields and d¯ ≡ (d¯, D¯).
For scalars, due to the anarchic mixing among the squarks from their soft masses, diag-
onalization is more involved, resulting in 5×5 matrices for q˜, u˜ and 7×7 for d˜. Just as with
the fermions, the 3rd generation mixes directly with the messengers via the φ or χ vevs.
Additionally, the 2nd generation also has a tree-level coupling to the messengers through the
φ¯ or χ¯ vevs.5 For example, in the q sector, we have
L ⊃ ˜¯Q q˜i F qij µφ
∗
jk 〈φ¯∗k〉 + h.c. . (36)
5 This provides an interesting example of the importance of supersymmetry to our model. Without the
holomorphicity and non-renormalization properties of supersymmetric theories, we would expect to gen-
erate tree-level Yukawas for the 2nd generation from the vev, 〈φ¯∗〉, and we would need special potentials in
the flavon sector that only broke U(1)F symmetry with unbarred fields. Supersymmetry allows us to take
more generic flavon potentials, while forbidding the barred-flavon vev Yukawa coupling to SM fermions.
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We do not attempt an analytic diagonalization of the scalar sector, but we perform rotations
numerically for the analysis of our benchmark that recovers the Standard Model. For future
reference, our convention for rotation matrices is the following (e.g. for the q sector):
q˜imass = Γ
†ij
q˜ q˜
j
gauge, (37)
where q˜ ≡ (q˜1, q˜2, q˜3, Q˜, − ˜¯Q∗) contains both squark and smessenger fields. There is an
analogous expression for the down sector that involves d˜ ≡ (d˜1, d˜2, d˜3, d˜4, D˜, ˜¯d∗, ˜¯D∗).
The flavon sector contains its own nontrivial rotations after U(1)F breaking. The flavino
matrix is 11×11 and the flavon matrix 20×20, since CP is generically broken and the real and
imaginary scalar components mix. For the former, the U(1)F gaugino, Z˜
′, mixes strongly
with the flavinos, and thus after symmetry breaking we simply count it among their number.
Let Φ˜gauge ≡ (φ, χ, ξ, φ¯, χ¯, ξ¯, Z˜ ′) be the fermion components of the superfields appearing
in Eqs. (8), (13), and (15) plus the gaugino, with Φgauge the corresponding scalars, arranged
with the ten real-component fields followed by the ten imaginary ones. Then, in analogy
with Eq. (37), we write
Φimass = Γ
†ij
Φ Φ
j
gauge,
Φ˜imass = Γ
†ij
Φ˜
Φ˜jgauge. (38)
The one additional subtlety in the flavon sector is that one must identify the zero-mass
eigenstate that corresponds to the longitudinal mode of the heavy U(1)F boson. We work in
a unitary gauge where this state never appears in calculations with flavons in mass eigenstate
basis.
In addition to the one-loop contributions to the Yukawa couplings discussed in Sec. III,
there are additional contributions from loops of Higgsinos and electroweak gauginos shown
in Fig. 9. Unlike the gaugino contribution to the 1st generation mass from Fig. 6, there is
no gaugino mass insertion in this diagram and thus no parametric suppression. Therefore,
one would expect that these diagrams are important, but they turn out to be small. One
needs the full treatment of rotation matrices above to understand why they are suppressed.
Taking the full fermion and scalar rotations, we get the following contribution to the up-type
Yukawa matrix:
yu3i = λU su r
q
i Γ
ij∗
q˜ Γ
4j
q˜ CFk
αk
pi
G(µH , minok , mq˜j), (39)
where G is a dimensionless loop function given in Eq. (C16), the j index sums over q-type
scalar mass eigenstates, and k sums over the gauginos that couple to q and the Higgs, SU(2)L
and U(1)Y . The factor r
q
i ≡ (1, 1, cq) accounts for rotations in the fermion sector. A more
explicit expression for yu3i is given in Eq. (C21). To get the analogous y
u
i3 contribution, we
would replace q ↔ u, and only the bino would contribute.
The additional suppression for these terms comes from the initial product of rotation
matrices. By the convention set below Eq. (37), the “4th” gauge index corresponds to the
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FIG. 9: One-loop electroweak contribution to off-diagonal Yukawa couplings. These are
potentially important for ‘13’ and ‘31’ entries of the Yukawa matrix.
Q˜ sm s enge , while the i index goes from 1-3 over the MSSM fields. Thus, in the limit
that the q˜ scalars are all mass degenerate, Eq. (39) vanishes exactly. That is not the generic
situation, but since G has only logarithmic dependence on mass, there is still a large residual
cancellation.6 In practice, these “gaugino-Higgsino” loops are suppressed compared to any
other one-loop contribution, and are even typically smaller than the parametrically two-loop
contributions that generate 1st generation masses. In the ‘13’ and ‘31’ entries though, they
can have important subleading effects, and so we include them in our computations.
2. Wavefunction renormalization
It is well-known that in radiative flavor models we can get wavefunction renormalization
at one loop from the same dynamics that generates masses. In our case, the SM quark
superfields are renormalized by flavon-messenger, flavino-smessenger, and gaugino contribu-
tions as shown in Fig. 10.7 The Higgs also receives wavefunction renormalization from the
fields which it has large couplings to, the messenger and 3rd generation quark superfields. In
our computations here we will neglect flavon and flavino loops in the down sector because
they are suppressed by y2b in the 2
nd and 3rd generations. Effects involving d4 and D can be
larger, but since mb  msc, to a good approximation we neglect kinetic mixing between the
vector-like and the SM d quarks. We find that with the benchmark parameters presented in
6 Interestingly, the diagram formally diverges and requires regularization. In dimensional regularization, the
1/ pole replaces the finite loop function G in the divergent term. However, this removes any dependence
on the mass eigenstates, and the rotation factor multiplies to zero. Thus, the contribution is actually
finite and has no dependence on the renormalization scale. There is, however, a renormalization scale
dependent contribution to yu33 coming from the q
′
3 portion of Q. In this case, the rotation matrix prefactor
does not cancel upon summing over mass eigenstates. However, for our numerical analysis, we do not
include one-loop corrections to yt, and therefore drop this contribution as well as the finite one to y
u
33
from Eq. (39).
7 We also include the renormalization of u′3, q
′
3 due to Higgs superfields.
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FIG. 10: Diagrams that induce flavor-violating wavefunction renormalization for the
fermions. The left two diagrams only contribute to the 2nd and 3rd generations, while the
one on the right is present for all fermions.
Sec. IV D, including the heavy fermions in wavefunction renormalization only changed our
SM quark predictions at the 1% level, and is thus below our working precision. Furthermore,
calculating the one-loop shift in the mass of the d4 and D-like quarks themselves is beyond
our scope.
The one-loop wavefunction renormalization diagrams contribute to the usual Zi factors
for all the SM fields. Taking the up-type as an example, the Yukawa coupling q yu uh, is
modified to
yu → (Zq)1/2 yu(Zu)1/2 (Zh)1/2, (40)
where Zi = 1 − Σi with Σi being the possibly divergent loop contributions whose one-loop
expressions are given in App. C 2. For fermions, we will use the conventions and notation
of [81]. We evaluate the divergent contributions at a common scale µ = 1 PeV because
that is where the heavy fields are integrated out. Errors induced from the fact that not all
the heavy fields are exactly at 1 PeV are logarithmic in the change in mass and formally of
higher loop order. In Eq. (40), we have bolded the terms which are matrices in flavor space.
The Z factors for the quarks will in general have off diagonal components, particularly the
gluino contribution because of the large squark mixing. Thus we see that wavefunction
renormalization is a potentially important effect that not only rescales individual elements
of the Yukawa matrices, but also rotates among them. The approximate size of the effects
is an increase in the Yukawa couplings of 5-15%.
D. Standard Model Flavor Parameters
As laid out in Sec. III, our model has the right parametric behavior to explain the
generational hierarchy of the Standard Model fermion Yukawas and the parameters of the
CKM matrix. Using the equations of Sec. IV C and App. C, we find a set of parameters
that reproduce the SM quark masses, CKM angles, and phase to within 5% of their values
listed in [1] for the former and [82] for the latter. We list the contributions computed in
Tab. V. Despite the close agreement we have obtained with the SM in the quark sector, it is
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TABLE V: Classes of contributions we include for up and down-type Yukawa matrix
entries. Complete loop-level formulas are given in App. C, along with those for
wavefunction renormalization, which we apply to all entries. The tree-level expressions are
found in Eqs. (31) and (34) for yt, yb. For every entry listed, we include the same class of
diagrams for its transpose.
y11, y12, gluino,
y13 gaugino-Higgsino
y22, y23 flavino, flavon, gluino,
gaugino-Higgsino
y33 tree-level
important to stress that there are sources of uncertainty in our calculation discussed below
at the level of O(15%). The proximity of our current results to the SM values is meant as a
demonstration of the control one has in recovering the SM. Thus, the inclusion of subleading
corrections to the results we have obtained will likely provide no fundamental obstacle to
precise recovery.
We now discuss the construction of our benchmark and its properties. The spectrum of
new particles for these particular parameters is shown in Fig. 11. We generate the parameters
of our flavon sector randomly. Scanning over O(1) values for dimensionless parameters,
O(100 − 1000) TeV values for dimensionful ones, and taking phases in general to be O(1),
we find a vacuum that is stable and breaks U(1)F symmetry with vevs that can generate all
SM masses. We then use the values of λU , λ¯U , λD, λ¯D from Eqs. (8) and (15) (important for
3rd generation), as well as the f q,u,d couplings (2nd generation) and the squark soft masses
(1st generation) plus Higgs and messenger µ, Bµ-terms as handles to recover the SM. If µ is
too large, that could potentially lead to deeper vacua that are color breaking [83–85], but
we check that this is not a problem for our benchmark.
To have a viable thermal WIMP dark matter particle, we fix the wino mass at 3 TeV and
obtain the gaugino spectrum (mB˜ = 13.3 TeV, mW˜ = 3 TeV, mg˜ = 20.9 TeV) as detailed
in Sec. IV A.8 The gluino mass offers an additional means to control mu, d. In the down
sector we subject f 2,3d to the technically natural tuning at O(0.1). Dimensionful values were
8 The U(1)F gaugino mixes strongly with the flavinos and has mass O(PeV). We did not compute its full
soft mass from anomaly mediation, but the flavino spectrum is highly insensitive to its detailed value if
within a few orders of magnitude of the other gauginos.
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FIG. 11: Spectrum of non-SM particles for parameters that closely reproduce the SM
quark sector. Solid lines are bosons and dashed lines are fermions. Shading under Q, U, D
indicates the portion of the mass eigenstate given by MSSM gauge eigenstates (dark) or
messenger/d4/d¯ gauge eigenstates (light). We include only the mass mixing in this
quantification. The flavino states also include the U(1)F gaugino which strongly mixes
with them. The corresponding U(1)F gauge boson is shown under “Higher Spin,” along
with the gravitino. As discussed in the text and shown in Fig. 2, the gauginos are much
lighter than all the fields here.
again O(100− 1000) TeV. The only nontrivial constraint comes from kaon physics, further
detailed in Sec. V A, and it favors having Q and D states & 1000 TeV.
For comparison with the SM, we show the values we obtain for our Yukawas at the scale
mt in Fig. 12 compared to those depicted earlier for the SM (Fig. 1). In Fig. 13 we compare
the CKM of our benchmark to that of the SM.9 For the ten SM quark parameters shown
here, the mean discrepancy with the SM is 4%, though as mentioned above, our results have
9 We have neglected the small running of the CKM parameters, which affects θ13 and θ23 most, at the level
of a few percent [82]. We take that reference’s SM values at 10 TeV computed in MS to compare to those
in our model evaluated at 1000 TeV.
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FIG. 12: SM values from [1] (dark) and values obtained in our benchmark (light) at the
scale mt. Errors bars for the latter assume uniform shifts in Yukawas by +15%,−25% at
1000 TeV, which accounts for a uniform uncertainty of ±15% in addition to a 10% decrease
coming from choosing a renormalization scale that is lower than the mass of some of the
states (see text). After applying these uncertainties in the UV, we run the Yukawas to mt.
an uncertainty of O(10−20%). The leading effects that we are currently neglecting include:
1) Some dimensionless couplings are ≈ 1.3, leading to O(15%) corrections at next-to-leading
order; 2) Including wavefunction renormalization induces scale dependence. We evaluate at
a common scale of 1000 TeV before integrating out all non-SM fields besides the gauginos.
However, many of our messenger fields are above 1 PeV (with the heaviest at 7.2 PeV), and
thus there are O(1) logs we are not currently resumming. Changing the renormalization
scale from 1000 to 10,000 TeV, decreases our Yukawa values by O(10%); 3) For yu,d33 , we
only include the tree-level values given in Eq. (31) for yt and Eq. (34) for yb. The one-loop
corrections to these entries could shift them at the level of a few percent; 4) To compute quark
masses and the CKM, we just take the 3x3 matrices in the up and down sectors. However,
there are additional Yukawas with the messenger fermions, Q,U,D and d4. There will also
be kinetic mixing from one-loop wavefunction renormalization. Taking the values for our
benchmark in the down sector, where we expect the effects to be strongest due to d4, we found
shifts in quark masses at the level of 1-2% for yb and yd, with ys changing negligibly. Thus,
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FIG. 13: SM values from [82] (dark) and values obtained in our benchmark (light). Error
bars are smaller than the dot size.
we neglect this contribution as well; 5) For our gaugino loops that contribute strongly to 1st
generation masses (cf. Fig. 6), we have treated the threshold correction due to messengers as
a mass-insertion, even though these same messengers appear elsewhere dynamically in the
loop. Including the full momentum-dependence of the one-loop correction to the gaugino
propagator shifted our masses by . 1%, which is beyond our precision and we thus ignore
this effect.
Given the agreement in the quark sector, it would be an interesting exercise to reproduce
charged leptons as well, something we did not attempt here. We would wish to maintain
consistency with unification, so our λL,E and f
l,e couplings would need to be determined for
the values we assigned to the quark-sector. The slepton soft masses and bino mass would
offer independent means to control the lepton masses. In Sec. VI, we sketch a possible
model extension that would generate neutrino masses and mixing angles. Before moving on
we note that many of these sources of uncertainty affect the 3rd generation most strongly.
Since those Yukawas are dominated by the tree-level contribution, we expect them to be the
simplest to adjust once these additional effects are taken into account.
V. EXPERIMENTAL CONSTRAINTS AND SIGNATURES
Detailed studies of the low-energy constraints on Mini-Split SUSY have been performed
in [65–68]. The dominant processes are meson mixing, electric and chromoelectric dipole
moments (CEDM), and lepton flavor violation. In addition to the MSSM fields previously
studied, the messengers and flavons contribute to these observables. The latter leads to
large deviations from the predictions of minimal Mini-Split SUSY for processes that only
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involve the 2nd and 3rd generations of the 10 fields, q, u and e.
The strongest bound comes from CP violation in K−K mixing, which requires that the
squarks that have large couplings to the gluino and s and d quarks be heavier than a few
hundred TeV. It is the only constraint we needed to compute in detail to test the viability of
the benchmark in Sec. IV D. Since it involves the 1st generation, it is essentially a probe of
the Mini-Split MSSM, though we account for the presence of messengers. While the limits
from other observables are weaker, we discuss the contributions from flavon dynamics where
they contribute strongly and present some detailed formulas in App. E. It will take many
generations of future experiments to probe this sector. However, improved determination
on the lattice of kaon parameters could provide evidence for one of the key ingredients of
our model, the presence of anarchic squark mixing at several hundred TeV.
A. Meson Mixing
For the case of meson mixing, the MSSM effect is mediated by box diagrams with gluinos
and squarks in the loops, but we neglect contributions with gluino mass insertions. Bounds
are independent of the gluino mass as long as it is much lighter than the squarks. For
our benchmark model, we check that the MSSM contribution does not run afoul of kaon
constraints. We use the full mass eigenstate calculation of the squark-gluino box presented
in [86] to account for the O(1) mixing among different squark gauge eigenstates and with
the messenger sector. After matching to the relevant dimension-six operators at 1000 TeV,
we run our Wilson coefficients at NLO to 2 GeV using the procedure outlined in [87], from
which we also take numerical values for the bag parameters. For the benchmark in Sec. IV D,
we get
NPK = 9.4× 10−5 ,
∆mNPK = 2× 10−15 GeV. (41)
Our contribution to ∆mK is safe by three orders of magnitude. The limit on 
NP
K is
1×10−3 [68, 87], so while our benchmark is safe, there are reasonable regions of parame-
ter space in the model which are excluded by this observable. Thus, an improvement in
SMK by an order of magnitude could be the best low energy way of probing the Mini-Split
scenario.
In our model, there is a similar box diagram with flavino and messenger scalars in the
loops. The only meson which is precisely measured and does not involve any 1st generation
quarks is the Bs. Therefore, the operator
O1 = (s¯γµPLb)(s¯γµPLb), (42)
which contributes to Bs mixing will be modified by an O(1) amount relative to the MSSM,
while the operators with other chiralities will be suppressed by powers of yb.
32
q2 Q
 
 
 
 
Hu
u2U
g/ 
Tuesday, January 21, 14
1 QED
e
e
 
e
 
 
e
e
e
 
e
e
e
e
e
e
 
e
 
e
e
e
 
e
e
ee
 
ee
e
e
e
e
1
1QED
e
e
 
e
 
 
e
e
e
 
e
e
e
e
e
e
 
e
 
e
e
e
 
e
e
e e
 
e e
e
e
e
e
1
g˜
Hd
q˜i
q˜3 u˜3
u˜j
g/ 
q2 u2
Wednesday, January 22, 14
FIG. 14: L: An example diagram of the MSSM gluino contribution to quark (C)EDMs. R:
An example of the flavon contribution to quark (C)EDMs.
We calculate the smessenger-flavino as well as the messenger-flavon diagrams that gen-
erate Bs mixing. Obtaining the Wilson coefficient for O1, we relate it to quantities in the
B meson system following the approach of [88], using more recent numerical values from
the lattice study in [89]. The detailed box diagram calculations are given in App. E. We
get a contribution to the mass splitting ∆Ms = O(10−20) GeV, compared to the SM value,
∆Ms = 1.2 × 10−11 GeV and a shift in the total CP violating phase of O(10−11) . Thus,
experimental evidence is beyond the next generation of experiments.
B. (Chromo)Electric Dipole Moments
In the MSSM, (C)EDMs for all up-type quarks come from a one-loop diagram of the
type shown on the left side of Fig. 14. This diagram has a gluino mass insertion, so it is
proportional to mg˜/mq˜ ∼ O(10−2). These diagrams are comparable for u, c, and t if the
squarks are anarchic in flavor space, but the strongest experimental bound comes from the
up EDM. On the other hand, this model has one-loop diagrams with flavons and messengers
going around the loop as shown on the right side of Fig. 14, as well as the supersymmetrized
version with flavinos and smessengers. All the internal fields in this diagram have mass
O(mq˜), so its effects are enhanced relative to the MSSM. Because the flavons only couple
to the 2nd and 3rd generation, these types of diagrams only induce (C)EDMs for top and
charm.
The strongest bounds on these processes come from chromo-EDMs inducing contributions
to the neutron EDM. For the top quark, the bound was computed to be |d˜t| . 1/(100
TeV) [90]. This computation uses the fact that there is a separation of scales between the
top and ΛQCD and runs operators down from the top mass to the QCD scale. We can
approximate the bounds on the charm mass by ignoring the running effects besides the
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scale of αs. Because integrating out a quark generates a finite contribution [91, 92] to the
Weinberg operator [93], integrating out a lighter quark will lead to a larger contribution to
the neutron EDM. Furthermore, the gluon loop that generates this operator is larger because
αs is evaluated at mc where it is much larger. We approximate αs(mc) ' αs(mτ ) ' 0.35 [94].
Because of these effects, the bounds on d˜c are much stronger than on top, and we find
|d˜c| . (6 × 105 TeV)−1, in rough agreement with the bound of |d˜c| . (2 × 105 TeV)−1 from
the more detailed study in [95]. These limits should be taken as accurate to within an order
of magnitude because of the uncertainties on the hadronic matrix elements that go into the
conversion of the Weinberg operator into the neutron EDM.
Taking the CEDM of the charm quark as an example, the low energy operator is of the
form
− i d˜c
2
gs c¯ σ
µν γ5 tacGaµν . (43)
At the scale of electroweak symmetry breaking, this operator matches onto an operator
involving the left-handed quark doublet, the right-handed singlet, and the Higgs. This can
be seen from the fact that the tensor operator above flips the helicity of the quark, so it
must involve a Higgs insertion. In the UV at the scale of SUSY breaking, this operator is
generated by diagrams of the type shown in Fig. 14. As discussed above, the diagram on
the right is the dominant contribution for the charm and top quarks, and we can estimate
its size to be parametrically O(v/16pi2m2mess) ' (1010 TeV)−1 for mmess = 3000 TeV.
We improve on the one-loop estimate by computing 1) the generalization of the right
diagram in Fig. 14 to flavon and fermion mass-eigenstate basis, 2) an additional flavon-
messenger diagram with no mass insertions (besides the SM Higgs vev) proportional to
λ¯U , and 3) the corresponding flavino-smessenger contribution. We project onto the Dirac
structure of a chromoelectric dipole and obtain a numerical value by setting the Higgs to its
vev, even though we are formally matching at 1000 TeV.10 Using the sign and normalization
conventions of [68], we get |d˜t| = (4×1012 TeV)−1 and |d˜c| = (1.2×1012 TeV)−1, a bit below
our estimate above since couplings and mixing angles are accounted for, and far removed
from near future sensitivity. We give the expressions for the flavon-sector loop contributions
in App. E.
Analogues to the operator in Eq. (43) for the down and lepton sector will be suppressed
by O(yb) ∼ O(yτ ). This is due to the small coupling of the 5¯ to χ, as explained in Sec. III B.
Therefore, the strange and bottom (C)EDMs are enhanced relative to the MSSM diagrams
by ybmq˜/mg˜ ∼ 10. For the strange quark, we take the formula from [96] to estimate an
experimental bound of d˜s . (3 × 106 TeV)−1, while the natural size in this model is d˜s '
yb d˜c ' (1011 TeV)−1. The CEDM for the b-quark can be computed in the same way. Thus,
10 Since the calculated values of d˜c,t are so far below current bounds, the effects of running to the fermion
mass scale will not change our conclusions by much beyond an order of magnitude.
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we see that the model is safe from (C)EDM measurement until several order of magnitude
improvement is achieved.
C. Lepton Flavor Violation
Lepton flavor violation (LFV) is also a strong constraint on models with anarchic flavor
structure, with µ→ eγ currently imposing the most stringent constraint in the MSSM. The
diagrams for LFV have the same structure as those for EDMs shown in Fig. 14, so loops of
flavons and messengers are enhanced by O(yτmq˜/mB˜) ∼ 10 relative to the MSSM diagrams,
but only for processes involving only 2nd and 3rd generation leptons. In this case, that means
τ → µγ and other rare τ decays are enhanced. In calculating the contribution of our model
to charm and top quark (C)EDMs in Sec. V B, we also obtained comparable values for the
flavor changing dipole operators. We can use our values in the up quark sector to estimate
the contribution to the analogous lepton operator, which is given schematically as
emτ
16pi2m2sc
τ¯ σµν µFµν . (44)
We expect this to be of similar order as the charm EDM. Naively, the numerator of the
coefficient should be v since the Higgs insertion in Fig. 14 is on an internal line which has a
large Yukawa coupling. On the other hand, there is a factor of yτ coming from the coupling
of the left-handed lepton to the flavon, so we can combine that with v to get mτ . Taking
into account αEM, we estimate BR(τ → µγ) ∼ 10−19. The current limit is O(10−8) with the
possibility of a one to two order of magnitude improvement at a future τ factory. Thus, this
will unfortunately not provide a means to detect the flavor violation in our model in the
near future. The contributions to ∆F = 1 processes in the quark sector are also significantly
below the current experimental limits.
D. Proton Decay
The problem of proton decay is of a somewhat different nature than the other constraints.
None of the terms in the renormalizable Lagrangian induce proton decay, but there are higher
dimensional operators allowed by all the symmetries of the theory, such as the dimension
five superpotential operator qqq`, that do. It has long been known that this is a problem
in weak-scale SUSY [97–100]. Raising the scalar masses weakens the bounds, but recent
analysis [65, 101, 102] has shown that this is still a problem, with the cutoff for dimension
five operators needing to be higher than the Planck scale to make the proton live long
enough.
One could imagine building a model in the spirit of this one such that U(1)F forbids
the higher dimensional proton decay operators. These kinds of charge assignments tend to
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be anomalous,11 so we go in a different direction here by noting that because proton decay
is mediated by higher dimensional operators, it is clearly sensitive to the UV structure
of the theory. Proton decay operators are generically generated by the physics of Grand
Unification, but they need not be, as in the case of higher dimensional GUTs [103]. As
proton decay is a generic problem for all SUSY models and in particular for SUSY GUTs,
we simply assume that one of the solutions in the literature, such as [103], is active in the
UV but has no impact on scales below the unification scale.
VI. CONCLUSIONS
Supersymmetry has been a subject of intense study because of its many interesting theo-
retical and phenomenological features. As an extension of the Standard Model, it can solve
the hierarchy problem, provide a natural WIMP dark matter candidate, and improve gauge
coupling unification. The unfortunate lack of evidence for SUSY at the LHC as well as the
(fortunate) discovery of a Higgs with mass around 125 GeV has led to a reconsideration of
weak-scale SUSY, with Mini-Split SUSY emerging as a framework with many intriguing fea-
tures. In particular, with scalars around 1000 TeV and gauginos one loop factor lighter, the
correct Higgs mass is obtained with dark matter and unification stories being comparably
successful. SUSY would then only partially solve the hierarchy problem, leaving us with a
meso-tuned picture of the universe.
In this paper, we have explored how an additional feature of Mini-Split SUSY, the au-
tomatic solution of the SUSY flavor problem, can be used to address the SM flavor puzzle.
In the Standard Model, there is no explanation for the peculiar structure of the masses and
mixings of the quarks and leptons. Each generation is substantially lighter than the previous
one, and the ratio of 3rd to 2nd generation masses appears remarkably similar to the ratio
of 2rd to 1nd generation masses. Thus, one possible explanation of the SM flavor sector is
that fermion masses are generated via a hierarchy of loops, with the 3rd generation Yukawa
coupling generated at tree level, the 2nd at one loop, and the 1st at two loops: a radiative
explanation of flavor.
In the framework of Mini-Split, the scalars carry flavor quantum numbers and, unlike in
weak-scale SUSY, there can be significant mixing between the different flavors of squarks.
This mixing can be used in loops to generate the Yukawa couplings. Because new Yukawa
couplings cannot be generated by loops in supersymmetric theories, the physics of flavor
11 The U(1)F could be a spontaneously broken global symmetry with anomalous charges as in [15]. The
anomaly will generate a mass for the Goldstone, but additional explicit breaking will likely be needed to
raise it higher. Given the IR issues induced by adding this light state and the need to control corrections
to the radiative story from having a merely approximate symmetry, we forego this possibility, though
there may be a viable implementation.
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must be tied to the physics of SUSY breaking. Here we have built a model which radiates
flavor around 1000 TeV, the scale which the Higgs mass points to. The full particle content
of the model is given in Tab. VI.
In the UV, this model forbids all Yukawa couplings to the SM matter with a new U(1)
symmetry under which the Higgs is charged, but all matter is neutral. SUSY breaking trig-
gers the breaking of U(1)F , and a Yukawa coupling is communicated via a rank 1 messenger
sector. This allows only the 3rd generation to get a Yukawa coupling at tree level. The
messengers can then generate additional Yukawas at one loop, but because of the size of the
messenger sector, these loop contributions only affect the 2nd and 3rd generation. Finally,
there is the loop contribution from the sfermions, which is parametrically of two-loop order
and involves all generations. This two-loop contribution is only big enough because there is
large flavor mixing in the sfermion sector.
In addition to building a model and giving parametric estimates of the size of all the
flavor parameters, we have also computed a detailed spectrum for the quark sector taking
into account all leading effects including mixing and wavefucntion renormalization. We
have shown that one can get agreement with all the SM flavor parameters to within 5% at
a generic point in parameter space described in Sec. IV. We have also computed current
constraints and found most of them to be trivially satisfied; however, the constraints from
the Kaon system do exclude some of the parameter space. The phenomenology of this model
is quite similar to Mini-Split SUSY, but in principle there are deviations in flavor observables
involving the 2nd and 3rd generation, such as Bs mixing.
In order to build a complete flavor model, neutrinos must also be included. One can
think of neutrino masses as coming from the usual SM dimension five operator. Once the
U(1)F is included, this operator can be generated by either of the following dimension 7
superpotential operators
1
M3∗
(`Hu)(`Hu)χ¯ φ
1
M3∗
(`Hu)(`Hu)ξ
2 , (45)
where we have suppressed flavor indices. In this case, the neutrino masses will be given
by mν ∼ v2〈χ¯〉〈φ〉/M3∗ for the first operator, and the generalization is clear for the second.
Here v ' 174 GeV is the electroweak scale. In the benchmark given in Sec. IV D, the vevs
of the flavons are of order 100 − 1000 TeV, so M∗ can be as low as 100 PeV to reproduce
the experimentally measured neutrino masses. This scale is somewhat above the scale of
the model, but not dramatically. These operators can be UV completed with vectorlike
right-handed neutrinos with different F charges, but we leave this analysis including the
computation of the neutrino mixing to future work.
Stepping back, we see that while the lack of evidence for SUSY at the LHC is beginning
to close the door on weak-scale SUSY, a window is perhaps opening into the Mini-Split
paradigm. Through this window, we have envisioned a solution to the SM flavor puzzle,
explaining the many hierarchies we have seen through the physics of radiative corrections.
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Only the ratio of the bottom to top quark masses is left unexplained, but this ratio is
correlated with the size of the Cabibbo angle, giving unexpected agreement in both sectors.
All other small numbers in the SM flavor sector are the result of loop corrections and a
consequence of linear algebra. The theory does not need to distinguish different generations,
yet it generates all the flavor hierarchies we observe in nature.
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Appendix A: Field Content and U(1)F Gauge Symmetry
In this appendix we review the full field content and address some of the complications
associated with introducing a new gauge group. The field content is given in Tabs. I, II,
and III, and we give the full field content here in Tab. VI for completeness. We begin by
noting that all the fields in the theory transforming under U(1)F are vectorlike, so anomaly
cancellation is satisfied trivially. This also allows us to write a supersymmetric mass term
for all the fields that are not part of the MSSM. By the logic of Eqs. (5) and (6), this mass
term is O(msc), so all the scalars and fermions given in Tab. VI are at the PeV scale. The
one exception, of course, is the light Higgs, which is tuned to have a mass around 126 GeV.
Because the new gauge group is a U(1), a Fayet-Iliopoulos [104] (FI) term is allowed by
the gauge symmetry. Fortunately, a high scale FI term is inconsistent with supergravity [105]
and will not be generated. We also assume that any intermediate dynamics between the
Planck and PeV scales also does not generate an FI term. Another possibility arising from
the abelian nature of the new group is kinetic mixing between hypercharge and U(1)F [106].
If hypercharge is embedded in a GUT, then this operator will be absent at the scale of GUT
breaking, but it will be generated by loops of fields charged under both U(1)’s such as those
in Tab. VI. Because this is a loop effect, we will treat it as a perturbation.
Once U(1)F is broken, the gauge fields can be diagonalized by shifting the hypercharge
field with component of the F gauge field. This has several effects, but all of them turn out
be phenomenologically harmless in the context of Mini-Split SUSY. First, the hypercharged
fields acquire some F charge. Because U(1)F is broken at such a high scale, this has no
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TABLE VI: The full particle content of our model in addition to that of the MSSM. We
also give the charges under U(1)F , the SM gauge group, and R-parity. Note that the
MSSM fields q, u, d, `, e are neutral under U(1)F and negative under Rp.
Field U(1)F SU(3)× SU(2)× U(1) Rp
Hu, Hd ∓2 (1,2)1/2 + (1,2)−1/2 +
Q, Q¯ ±1 (3,2)1/6 + (3¯,2)−1/6 −
U , U¯ ±1 (3¯,1)−2/3 + (3,1)2/3 −
E, E¯ ±1 (1,1)1 + (1,1)−1 −
D, D¯ ∓3 (3¯,1)1/3 + (3,1)−1/3 −
L, L¯ ∓3 (1,2)−1/2 + (1,2)1/2 −
`4, ¯` 0 (1,2)−1/2 + (1,2)1/2 −
d4, d¯ 0 (3¯,1)1/3 + (3,1)−1/3 −
φ1,2, φ¯1,2 ±1 (1,1)0 +
χ1,2, χ¯1,2 ∓3 (1,1)0 +
ξ, ξ¯ ∓2 (1,1)0 +
effect in present experiments. The D-term for U(1)F will also be shifted
D′F = DF + DY , (A1)
where  is the coefficient of the kinetic mixing operator. The potential goes as (D′F )
2, which
when expanded out contains two different effects. The first is a shift in the coefficient of
the U(1)Y D-term by O(2). The second is an effective FI term for hypercharge coming
from the cross term. Both of these modify the scalar potential for the hypercharged scalars,
but they have no qualitative effect because all these scalars have large masses from SUSY
breaking. Therefore, the effects of kinetic mixing on the D-term can be thought of as small
corrections to the masses and quartics for these scalars.
Appendix B: Flavon Sector Details
In this Appendix, we explain the field content and charges of the flavon sector and give
a brief description of the potential minimization. In the UV, all SM Yukawa couplings
are forbidden by U(1)F , so in order to generate any Yukawas, we need flavons to get vevs
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and spontaneously break U(1)F . Thus we introduce a set of flavons φ, φ¯ with charges ±1.
This determines the charges of Hu, Q and U . In order to preserve anomaly cancellation
and allow a µ-term for the Higgses, Hd must have opposite F charge to Hu. Because this
is a supersymmetric theory and Yukawa couplings are superpotential operators, the down-
Yukawa coupling must be to Hd, so we need a separate set of flavons, χ, χ¯, to generate
down-type Yukawa couplings.
The analysis above shows that for the model to be viable, we need both φ and χ to get
vevs. Because of the structure of the potential, this turns out to be impossible without
introducing additional flavons. Consider the potential for one set of φ, φ¯, χ, χ¯, i.e. ignoring
the fact that the flavons are doublets in the full model. The potential is given by
V = m2φ|φ|2 +m2φ¯|φ¯|2 +m2χ|χ|2 +m2χ¯|χ¯|2 − (bφφφ¯+ c.c.)− (bχχχ¯+ c.c.)
+
g2F
2
(|φ|2 − |φ¯|2 − 3|χ|2 + 3|χ¯|2)2 . (B1)
The m2i are real, and we can do field redefinitions so that the b’s are positive and the vevs
are real and positive. In the supersymmetric limit, m2 = |µ|2 > 0 and b = 0, so spontaneous
U(1)F breaking is impossible. Once SUSY breaking effects are included, the soft masses can
be negative and a b-term can be generated, so SUSY breaking can trigger U(1)F breaking.
We minimize the potential and get the following conditions:
2m2φφ− bφφ¯+ 2φD = 0 2m2χχ− bφχ¯− 6χD = 0
2m2φ¯φ¯− bφφ− 2φ¯D = 0 2m2χ¯χ¯− bφχ+ 6χ¯D = 0, (B2)
where D = g2F
(
φ2 − φ¯2 − 3χ2 + 3χ¯2) is the D-term. Taking linear combinations of the left
and right equations such that D cancels out gives us quadratic equations involving only the
φ’s or the χ’s:
φ¯2 − 2
bφ
(
m2φ +m
2
φ¯
)
φφ¯+ φ2 = 0 χ¯2 − 2
bχ
(
m2χ +m
2
χ¯
)
χχ¯+ χ2 = 0, (B3)
which can be solved for the barred fields in terms of the unbarred ones, φ¯ = rφφ, χ¯ = rχχ,
where rφ and rχ depend only on the parameters of the potential and not on the fields.
Plugging this back into the minimization conditions, we have
(2m2φ − bφrφ + 2D)φ = 0 (2m2χ − bχrχ − 6D)χ = 0
(2m2φ¯rφ − bφ − 2rφD)φ = 0 (2m2χ¯rχ − bχ + 6rχD)χ = 0. (B4)
Since we need nonzero vevs for both the φ’s and χ’s, the expressions in parentheses must all
simultaneously be zero.
We can get a new constraint by taking a linear combination of the first and third equations
that eliminates D,
(6m2φ − 3bφrφ + 2m2χ − bχrχ)φχ = 0. (B5)
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Since the expression in parentheses is a function only of parameters and generically does not
vanish, we are required to take either φ = 0 or χ = 0. Hence we conclude that with only the
D-term quartic, either the φ’s or the χ’s will get vevs, but not both. In the case of the full
field content where φ and χ are doublets, there is less analytic control, but the conclusion
still holds and either φ or χ will be stable at the origin.
In order to generate more vevs, we need another potential term that will provide a quartic,
so we must introduce another flavon pair, ξ, ξ¯. Choosing the U(1)F charge of ξ to be −2,
we can write down the superpotential operators given in Eq. (13), which give the following
scalar potential
VF = λ
2
ξ
(
φ2χ¯2 + ξ2χ¯2 + ξ2φ2 + un-barred↔ barred) (B6)
+2µλξ(ξ¯φχ¯+ ξχ¯φ¯+ ξφχ+ un-barred↔ barred),
where for notational simplicity, we have taken a common supersymmetric mass µ for all the
flavons (and continue to assume that all parameters are real). The potential is now quite
complicated, but there are generic regions in parameter space where all flat directions are
stabilized because of the extra quartic and the origin for all fields is destabilized. Numerical
study confirms that generically, if one field gets a vev, then all of them will.
In the above discussion, we chose the charge of ξ to be −2. This turns out to be the unique
choice for a viable model. In order to understand this, we examine the most general U(1) that
arises from our democratic treatment of SM fields and that is allowed by the flavon couplings
required to obtain tree-level Yukawa couplings. We can parametrize the charges of the SM
fields under this U(1) as XSM10 = a, X
SM
5¯ = b, and XHu = −XHd = c. The messenger-Higgs
couplings then imply messenger charges of Xmess.10 = −c/2 and Xmess.5¯ = 3c/2. These then fix
the flavon charges to be Xφ = −c/2− a, and Xχ = 3c/2− b, so there are three independent
U(1) symmetries which allow the Yukawa couplings and mass terms of the theory. Our
U(1)F flavor symmetry corresponds to the case a = b = 0. A second independent U(1) can
be parametrized by a = c = 0, under which Xχ = −b based on the above. Since generically
the flavons all get vevs, this global U(1) would be spontaneously broken and would yield
a highly problematic massless Goldstone. Rounding out the basis of U(1)’s is one under
which the flavons are uncharged and is therefore unbroken. Demanding that the flavons are
uncharged leads to the conditions b = −3a and c = −2a; this charge assignment is related
by a hypercharge rotation to B − L, and remains unbroken.
In order to get a viable spectrum with no Goldstone bosons, we need to explicitly break
the second U(1) while leaving B−L and U(1)F unbroken. By adding an additional vectorlike
flavon pair, we gain an additional unconstrained charge. Therefore, in order to break the
second U(1), we must assign U(1)F charges to the new flavon such that two different types
of interactions can be written down for the new flavon so that no charge assignment under
the second U(1) will be consistent. This uniquely determines the U(1)F charge to be ∓2
because that is the only charge that allows us to write both φφξ and φ¯χ¯ξ. These are the
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interactions found in Eq. (13), which are needed for the dominant loop contribution to the
2nd generation masses. In particular, the interaction with two φ’s is needed for the charm
mass, and the one with φ and χ is needed for the strange and muon mass. Therefore, we
see that the charge assignment we have chosen for the flavons is not only necessary to get
a viable spectrum of flavons, it is also crucial for generating the correct Standard Model
Yukawa couplings.
Appendix C: Constructing the Yukawa Matrices
1. Radiative Yukawa Generation
In this appendix we give the formulas for the loop effects used to generate the SM Yukawa
matrices. The “33” elements are generated at tree-level and are given by yt in Eq. (31) and
yb in Eq. (34), and we do not consider loop-level shifts to y
u,d
33 because they are below our
numerical precision. We now proceed to fill out the remainder of the Yukawa matrices with
radiative contributions that we list in order of decreasing size.
a. Flavino/Flavon
The dominant contribution to yij for (i, j) = 2, 3 comes from the flavino loop, which
effectively sets the size of the 2nd generation masses and is illustrated on the left-hand-side
of Fig. 5. In the up sector
yuij =
1
16pi2
rui r
q
j mφ˜kF˜
u
ikF˜
q
jkΓ
5l∗
q˜ Γ
5m∗
u˜ H
QU
lm F(mφ˜k , mq˜l , mu˜m), (C1)
F(m1, m2, m3) =
m21
(
m22 log
m21
m22
−m23 log m
2
1
m23
)
+m22m
2
3 log
m22
m23
(m21 −m22) (m21 −m23) (m22 −m23)
. (C2)
Here r accounts for the fact that the original quark fields appearing at the vertices to which
the external lines connect might not be mass eigenstates, for example
rq = (1, 1, cq,−sq), (C3)
where the first two components are trivial because the first two generations do not mix
with messengers and the last two are the q′3 projections of the gauge eigenstates q3 and Q,
respectively, and similarly for u. In Eq. (C1), i, j simply take values 2-3, and thus here we
only need the first three components of rq,u, but we present the complete vector which will
be used below. F˜ij is the coupling of the i
th quark flavor to the jth flavino mass eigenstate,
for example
F˜ qij = F
q
ikΓ
kj
Φ˜
, k = 1, 2 , (C4)
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and we use a similar definition for ˜¯fk in the down sector. The factor H
QU
ij is the coupling of
the ith q˜ and jth u˜ mass eigenstates to the light Higgs, which arises from summing over all
six triple scalar couplings involving Q,U smessengers and Higgses:
HQUij = −µH
(
λU cos β Γ
4i
q˜ Γ
4j
u˜ − λ¯∗U sin β Γ5iq˜ Γ5ju˜
)
+ µQ
(
λU sin β Γ
5i
q˜ Γ
4j
u˜ − λ¯∗U cos β Γ4iq˜ Γ5ju˜
)
+µU
(
λU sin β Γ
4i
q˜ Γ
5j
u˜ − λ¯∗U cos β Γ5iq˜ Γ4ju˜
)
. (C5)
Because the fermion diagonalization is more involved, the down sector actually has two
types of flavino diagrams. The first is the analogue of the up sector diagram:
ydij =
1
16pi2
Sinr
d
nr
q
j mφ˜kF˜
d
nkF˜
q
jkΓ
5l∗
q˜ Γ
7m∗
d˜
HQDlm F(mφ˜k , mq˜l , md˜m), (C6)
where l = 1− 5 and m = 1− 7,
HQDij = µH
(
λD sin β Γ
5i
q˜ Γ
5j
d˜
+ λ¯∗D cos β Γ
5i
q˜ Γ
7j
d˜
)
− µQ
(
λD cos β Γ
5i
q˜ Γ
7j
d˜
+ λ¯∗D sin β Γ
5i
q˜ Γ
7j
d˜
)
−µD
(
λD cos β Γ
5i
q˜ Γ
7j
d˜
+ λ¯∗D sin β Γ
5i
q˜ Γ
7j
d˜
)
, (C7)
rd = (1, 1,Γ11d ,Γ
21
d ,Γ
31
d ). (C8)
The matrix Sij sums the relevant vertex over all possible gauge eigenstate fermion fields j
overlapping with mass eigenstate field i
Sij =

δij, i 6= 3
0, i = 3, j < 3
1, i = 3, j ≥ 3
(C9)
One could extend the definitions of rd and Sij to include the higher generation mass eigen-
states (d′4, D
′), but we do not consider the effects of mixing from these states, as we found
them to be 1% effects. Furthermore, the renormalization of the heavy fermion masses them-
selves is beyond our scope. In Eq. (C6), we take n = 1− 4. Since we also have the coupling
d¯Dχ¯ in the down sector, there is also an additional contribution for i = 3, since we can take
the d′3 component of D:
yd3j =
1
16pi2
rd5r
q
j mφ˜kF˜
q
jk
˜¯fk Γ
5l∗
q˜ Γ
6m∗
d˜
HQDlm F(mφ˜k , mq˜l , md˜m). (C10)
Next we consider the contributions from flavon loops; an example appears on the right-
hand-side of Fig. 5. There are two classes of flavon diagrams: one involves a mass insertion
on each messenger line and the other does not. We begin with the mass-insertion type, and
again start with the simpler up sector:
yuij =
λUMQ′MU ′
32pi2
cucq r
u
i r
q
j
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×
(
F̂
(u)Re
ik + iF̂
(u)Im
ik
)(
F̂
(q)Re
jk + iF̂
(q)Im
jk
)
F(mφk , MQ′ , MU ′), (C11)
where MQ′ , MU ′ are the messenger mass eigenvalues, i.e. MQ′ =
√
µ2Q + |F q3i φi|2 and sim-
ilarly for U ′, and F̂Reij , F̂
Im
ij is the coupling of the i
th quark flavor to the jth flavon mass
eigenstate, obtained by summing over the real and imaginary parts of the appropriate gauge
eigenstate flavon doublet, respectively; for example
F̂
(q)Re
ij = F
q
ikΓ
kj
Φ , k = 1, 2
F̂
(q)Im
ij = F
q
ikΓ
kj
Φ , k = 11, 12 (C12)
and similarly for u, d, and ˆ¯fj in the down sector. The down sector again has two types of
diagrams that correspond to this, with the first exactly analogous:
ydij = −
λDMQ′M
l
D′
32pi2
Simr
d
mr
q
j Γ
3,l+1
d Γ
2,l
d¯
cq
×
(
F̂
(d)Re
mk + iF̂
(d)Im
mk
)(
F̂
(q)Re
jk + iF̂
(q)Im
jk
)
F(mφk , MQ′ , M lD′), (C13)
where the sum over l = 1, 2 accounts for both heavy d-type fermions, and m = 1 − 4. The
second type again involves the additional f¯ coupling:
yd3i = −
λDMQ′M
k
D′
32pi2
rd5r
q
i Γ
3,k+1
d Γ
1,k
d¯
cq
×
(
F̂
(q)Re
ij + iF̂
(q)Im
ij
)(
ˆ¯fRej + i
ˆ¯f Imj
)
F(mφj , MQ′ , MkD′), (C14)
The second class of flavon diagrams does not have mass insertions, so these involve the
λ¯U and λ¯D couplings. Although the loop integral is formally divergent, for entries other than
yu,d33 we need only consider the resulting finite log terms that are a function of the flavon
masses. This is because the F -coupling piece vanishes when summed over all flavon mass
eigenstates for (i, j) 6= (3, 3), a consequence of the fact that the first two generations do not
couple to the Higgs at tree level. For the up sector
yuij = −
λ¯∗U
16pi2
rui r
q
j cos β
(
F̂
(u)Re
ik + iF̂
(u)Im
ik
)(
F̂
(q)Re
jk + iF̂
(q)Im
jk
)
G(MQ′ , MU ′ , mφk), (C15)
G(µ, M, m) =
m4 (M2 − µ2) log
(
m2
µ2
)
−M4 (m2 − µ2) log
(
M2
µ2
)
2 (m2 − µ2) (m2 −M2) (M2 − µ2) . (C16)
The analogous down sector formula is
ydij = −
λ¯∗D
16pi2
Simr
d
mr
q
j sin β Γ
2,l
d¯
Γ2,l
∗
d¯
(
F̂
(d)Re
mk + iF̂
(d)Im
mk
)(
F̂
(q)Re
jk + iF̂
(q)Im
jk
)
G(MQ′ , M lD′ , mφk)
(C17)
where m = 1− 4, and the diagram generated from the f¯ coupling is
yd3i = −
λ¯∗D
16pi2
rd5r
q
i sin β Γ
1,k
d¯
Γ2,k
∗
d¯
(
F̂
(q)Re
ij + iF̂
(q)Im
ij
)(
fˆRej + ifˆ
Im
j
)
G(MQ′ , MkD′ , mφj) (C18)
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b. Gluino
The gluino loop, appearing in Fig. 6, is the dominant contribution to the entries in
the first row and column of the Yukawa matrices, and controls the size of the 1st generation
mass. For the up sector,
yuij = −
α3
2pi
Simr
u
mSjnr
q
nΓ
mk
u˜ Γ
nl
q˜ H
QU
kl F(mg˜, mu˜k , mq˜l), (C19)
where m,n = 1− 4. For the down sector,
ydij = −
α3
2pi
Simr
d
mSjnr
q
nΓ
mk
d˜
Γnlq˜ H
QD
kl F(mg˜, md˜k , mq˜l), (C20)
where m = 1− 5 and n = 1− 4. There are also analogous diagrams with a bino.
Approximating the threshold correction from messengers to the gaugino masses as a
mass insertion is not strictly accurate at a PeV because other fields in this diagram are
at that scale. A more precise way to calculate would be be to blow up the mass insertion
and include the two-loop effects of the messengers. This can be improved further still by
resumming the effects of the thresholds that generate the gluino mass, and then including
the full momentum dependence in the gluino propagator. We find that these effects only
modify the contribution to the Yukawa coupling by O(1%), so for computing our benchmark
we use the simpler analytic formulas above.
c. Gaugino-Higgsino
These diagrams, shown in Fig. 9, have already been discussed in Sec. IV C 1. Here,
we just present the complete formulas:
yui3 =
αY
pi
QYuQ
Y
Hu λUsq Sik r
u
k Γ
4j
u˜ Γ
kj∗
u˜ G(µH , mB˜, mu˜j), k = 1–4
ydi3 = −
αY
pi
QYd Q
Y
Hd
λDsq Sik r
d
k Γ
5j
d˜
Γkj
∗
d˜
G(µH , mB˜, md˜j), k = 1–5
yu3i = λUsu Sik r
q
k Γ
4j
q˜ Γ
kj∗
q˜
[αY
pi
QYq Q
Y
Hu G(µH , mB˜, mq˜j)−
α2
pi
CF G(µH , mW˜ , mq˜j)
]
,
yd3i = λDΓ
21
d Sik r
q
k Γ
4j
q˜ Γ
kj∗
q˜
[
−αY
pi
QYq Q
Y
Hd
G(µH , mB˜, mq˜j)
+
α2
pi
CF G(µH , mW˜ , mq˜j)
]
, (C21)
where k = 1–4 in the last two equations above, QY is the field hypercharge, and CF is the
quadratic Casimir for the group, which is equal to 3/4 and 4/3 for SU(2)L and SU(3)C ,
respectively.
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2. Wavefunction Renormalization
Our procedure is outlined in Sec. IV C 2, where the generic diagram appears and the con-
tribution from the flavon sector is discussed. There are also loops involving gluino/squarks,
Higgsino/squarks, and Higgs/quarks. We include all of these in the renormalization of the
q and u fields, but retain only the gluino contribution for d, since the other loops are yb
suppressed, or involve kinetic mixing, which we found to be an O(1%) effect on our SM
model prediction, and thus neglect. In addition, since only the 3rd generation couples to the
Higgs at tree level, the diagrams involving the Higgs multiplet only contribute to the “33”
entries. Unlike the contributions to yu,d33 , we do include wavefunction renormalization of the
3rd generation, as the Ka¨lle´n-Lehmann representation theorem along with the positivity of
quantum mechanics determines that all such contributions will increase the 3rd generation
masses [107]. Taken together, we find shifts upwards of 10%, and thus we cannot neglect
them. We use the notation introduced in the previous section and take a renormalization
scale Q = 1000 TeV, the common scale at which the heavy states are integrated out.
a. Gluino
Σqij =
α3
2pi
CFSilr
q∗
l Sjmr
q
mΓ
lk
q˜ Γ
mk∗
q˜ W(mg˜, mq˜k , Q), l,m = 1–4, (C22)
W(M, m, Q) =
M4 log
(
M2
Q2
)
2(M2 −m2)2 +
m2 (m2 − 2M2) log
(
m2
Q2
)
2(M2 −m2)2 +
m2 − 3M2
4(M2 −m2) . (C23)
Analogous formulas hold for u and d; in the case of d, we take l,m = 1− 5. There is also a
wino contribution to q.12
b. Flavino
Σqij =
1
16pi2
rq
∗
i r
q
j F˜
q∗
ik F˜
q
jkΓ
5l∗
q˜ Γ
5l
q˜ W(mφ˜k , mq˜l , Q), (C24)
and similarly for u.
c. Flavon
Σqij =
1
32pi2
rq
∗
i r
q
j
(
F̂
(q)Re
ik + iF̂
(q)Im
ik
)∗ (
F̂
(q)Re
jk + iF̂
(q)Im
jk
)
W(MQ′ , mφk , Q), (C25)
12 We neglect the contribution from the U(1)F gauge supermultiplet, which only changes the “33” entry
from the overlap of the 3rd generation massless eigenstate with the messenger gauge eigenstate. This is
expected to be a O(1%)-level effect.
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and analogously for u.
d. Higgsino
Σq33 =
|sq|2
16pi2
(|λU |2Γ4i∗u˜ Γ4iu˜W(µH , mu˜i , Q) + |λD|2Γ5i∗d˜ Γ5id˜W(µH , md˜i , Q)) , (C26)
where the first term arises from putting H˜u in the loop and the second has H˜d. The
contribution to Σu33 consists of only the H˜u piece and is obtained by taking u˜→ q˜.
e. Higgs
Since our renormalization scale is far above the scale of electroweak symmetry breaking,
SU(2) is approximately unbroken. Therefore, the tuning in the Higgs sector produces one
light doublet that includes the SM Higgs, and one heavy doublet with degenerate scalars of
mass mA. In other words, the two Higgs doublets are in the extreme decoupling limit of
the MSSM. The light doublet is given by H1 = − cos β(iσ2)H∗d + sin βHu, and the heavy
doublet by H2 = sin β(iσ2)H
∗
d + cos βHu. The effects here describe loops with at least one
heavy field (light Higgs or SM fermion masses are approximated to be 0 in the calculation),
with purely light field effects taken into account in the RG evolution of the Yukawas from
the high scale down to the weak scale.
The effects of a heavy Higgs and fermion loop are given by
Σq33 =
|sq|2
16pi2
[|λU |2 cos2 β (|su|2W(0, mA, Q) + c2uW(MU ′ , mA, Q))
+ |λD|2 sin2 β
(
Γ31d Γ
31∗
d W(0, mA, Q) + Γ3id Γ3i
∗
d W(M iD′ , mA, Q)
)]
Σu33 =
|λU |2
16pi2
|su|2 cos2 β
[|sq|2W(0, mA, Q) + c2qW(MQ′ , mA, Q)] , (C27)
while the effects of a light Higgs and a heavy messenger are given by
Σq33 =
|sq|2
16pi2
[|λU |2 sin2 β c2uW(MU ′ , 0, Q) + |λD|2 cos2 β Γ3id Γ3i∗d W(M iD′ , 0, Q)]
Σu33 =
|λU |2
16pi2
|su|2 c2q sin2 βW(MQ′ , 0, Q). (C28)
Appendix D: Messenger Threshold Corrections to Gaugino Masses
Here we generalize the discussion of Sec. IV A to fully account for mixing. We organize the
bookkeeping by introducing tensors V M and W M¯ , which characterize the possible vertices.
These are relatively simple for Q and U , since Q¯ and U¯ are already mass eigenstates and
there is only one nonzero eigenvalue:
V Q = (Γ3i
∗
q˜ s
∗
q,Γ
4i∗
q˜ cq)
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W Q¯ = Γ5iq˜ , (D1)
and analogously for U . Here V is a matrix, with the row denoting whether q3 or Q is at
the vertex, and we need to project out the component corresponding to the heavy fermionic
mass eigenstate. Although we label them by D, the tensors for the down type messengers
actually combine what were previously separate contributions from the d4, d¯ and D, D¯ pairs:
V D =
((
Γ3i
∗
d˜
Γ12d ,Γ
3i∗
d˜
Γ13d
)
,
(
Γ4i
∗
d˜
Γ22d ,Γ
4i∗
d˜
Γ23d
)
,
(
Γ6i
∗
d˜
Γ32d ,Γ
6i∗
d˜
Γ33d
))
W D¯ =
((
Γ5i
d˜
Γ11d¯ ,Γ
5i
d˜
Γ12d¯
)
,
(
Γ7i
d˜
Γ21d¯ ,Γ
7i
d˜
Γ22d¯
))
, (D2)
where in V Dijk andW
D¯
ijk, i specifies which field is at the vertex, j labels the fermionic eigenstate,
and k labels the scalar eigenstate.
The threshold corrections to the gaugino masses can thus be expressed as
∆mQ
i˜
=
2∑
j=1
αi
pi
CQi V
Q
jkW
Q¯
k MQ′J (MQ′ , mq˜k), J (M, m) =
m2
M2 −m2 log
m2
M2
, (D3)
with MQ′ the physical mass of the heavy messenger. There is an analogous expression for
U , while
∆mD
i˜
=
3∑
i=1
2∑
l=1
αi
pi
CDi V
D
ijkW
D¯
ljkM
j
D′J (M jD′ , md˜k). (D4)
The Dynkin indices weighted by degrees of freedom CMi are given by
CQ = (1/6, 3/2, 1)
CU = (4/3, 0, 1/2)
CD = (1/3, 0, 1/2) (D5)
for (U(1)Y , SU(2)L, SU(3)C). Our extra matter was introduced in complete representations
of SU(5), so we still need to account for E, l4, and L. Since our flavor model does not
discuss the leptonic sector in any detail, here we simply assume that the parameters for E
are the same as those for U , and identify l4 with d4, as well as L with D. Although they
live in the same GUT multiplets, the C factors are of course different:
CE = (1, 0, 0)
CL = (1/2, 1/2, 0). (D6)
Appendix E: Formulas for Select Flavor Observables
1. Bs mixing: Wilson Coefficient of O1
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In addition to the usual box diagram MSSM contributions to meson mixing involv-
ing squarks and gluinos, our model gives a contribution coming from analogous box
diagrams with flavons/messengers and flavinos/smessengers. Since the 1st generation
fermions do not couple to the flavon sector, this additional contribution only exists for
mesons that do not contain 1st generation quarks. The most precisely measured of these is
Bs. We therefore calculate the box diagram for Bs mixing and extract the coefficient of the
effective operator O1, given in Eq. (42), which we then use to calculate the contribution to
the mass splitting and CP -violating phase in the Bs system.
a. Flavino
C1 =
c2q
128pi2
F˜ q
∗
2i F˜
q
3iF˜
q∗
2j F˜
q
3jΓ
5k
q˜ Γ
5k∗
q˜ Γ
5l
q˜ Γ
5l∗
q˜ B1(mφ˜i , mφ˜j , mq˜k , mq˜l), (E1)
B1(M1, M2, m1, m2) = 1
(m21 −m22)(m21 −M21 )(m21 −M22 )(m22 −M21 )(m22 −M22 )(M21 −M22 )
×
(
m41m
4
2(M
2
1 −M22 ) log
m21
m22
+m41M
4
1 (M
2
2 −m22) log
m21
M21
+m41M
4
2 (m
2
2 −M21 ) log
m21
M22
+m42M
4
1 (m
2
1 −M22 ) log
m22
M21
+m42M
4
2 (M
2
1 −m21) log
m22
M22
+M41M
4
2 (m
2
1 −m22) log
M21
M22
)
. (E2)
b. Flavon
C1 =
c2q
512pi2
(
F̂
(q)Re
2i + iF̂
(q)Im
2i
)∗ (
F̂
(q)Re
3i + iF̂
(q)Im
3i
)
×
(
F̂
(q)Re
2j + iF̂
(q)Im
2j
)∗ (
F̂
(q)Re
3j + iF̂
(q)Im
3j
)
B2(mφi , mφj , MQ′), (E3)
B2(m1, m2, M) =
m41 log
m21
M2
(M2 −m21)2(m21 −m22)
− m
4
2 log
m22
M2
(M2 −m22)2(m21 −m22)
+
M2
(M2 −m21)(M2 −m22)
,
(E4)
where the total Wilson coefficient for O1 is the sum of Eqs. (E1) and (E3).
2. CEDM
a. Flavino
Our model gives additional contributions to chromo-EDMs for 2nd and 3rd generation
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quarks. The diagrams involve flavinos and flavons (cf. Fig. 14) and are constructed from
the ones shown in Fig. 5 by attaching a gluon line to a member of the messenger multiplet.
The flavino loops are typically the dominant contribution, and they give:
d˜in =
v sin β mφ˜j
16pi2
rqi r
u
nIm{F˜ qijF˜ unjΓ5k
∗
q˜ Γ
5l∗
u˜ H
QU
kl }
(
D(mφ˜j , mq˜k , mu˜l) +D(mφ˜j , mu˜l , mq˜k)
)
,
(E5)
where v = 174 GeV is the Higgs vev; the first term corresponds to gluon emission from the
q˜ and the second from u˜, and
D(M, µ, m) = 1
2M4
∫ 1
0
dww
∫ 1−w
0
dx
∫ 1−x−w
0
dy
[
w + (x+ y)
µ2
M2
+ (1− w − x− y)m
2
M2
]−2
.
(E6)
b. Flavon
We also get loops with flavons and smessengers. Just as for the loops generating
Yukawa couplings, there are contributions with and without mass insertions on the
messenger lines. For the dipole calculation though, the latter are manifestly finite. Those
without mass insertions are typically larger, giving
d˜ij = −v cos β
32pi2
rqi r
u
j Im
{
λ¯∗U
(
F̂
(q)Re
ik + iF̂
(q)Im
ik
)(
F̂
(u)Re
jk + iF̂
(u)Im
jk
)}
×(Dno−MIφ (MQ′ , MU ′ , mφk) +Dno−MIφ (MU ′ , MQ′ , mφk)), (E7)
where
Dno−MIφ (M, µ, m) =
1
2m2
∫ 1
0
dw
∫ 1−w
0
dy
∫ 1−y−w
0
dz
×
(
3(y + z)− 1
[(1− w − y − z) + (w + z)M2/m2 + y µ2/m2]
− wM
2
m2 [(1− w − y − z) + (w + z)M2/m2 + y µ2/m2]2
)
. (E8)
Lastly, we come to the flavon loop with mass insertions:
d˜ij =
v sin βMQ′MU ′
32pi2
cucq r
q
i r
u
j Im
{
λU
(
F̂
(q)Re
ik + iF̂
(q)Im
ik
)(
F̂
(u)Re
jk + iF̂
(u)Im
jk
)}
×(DMIφ (MQ′ , MU ′ , mφk) +DMIφ (MU ′ , MQ′ , mφk)), (E9)
with
DMIφ (M, µ, m) =
1
2m4
∫ 1
0
dw
∫ 1−w
0
dy
∫ 1−y−w
0
dz
× (w + y + z)
[(1− w − y − z) + (w + z)M2/m2 + y µ2/m2]2 . (E10)
50
[1] Z.-z. Xing, H. Zhang, and S. Zhou, Phys.Rev. D86, 013013 (2012), 1112.3112.
[2] G. F. Giudice and A. Strumia, Nucl.Phys. B858, 63 (2012), 1108.6077.
[3] L. E. Ibanez, Nucl.Phys. B193, 317 (1981).
[4] B. Balakrishna, Phys.Rev.Lett. 60, 1602 (1988).
[5] B. Balakrishna, A. Kagan, and R. Mohapatra, Phys.Lett. B205, 345 (1988).
[6] B. Balakrishna, Phys.Lett. B214, 267 (1988).
[7] B. Balakrishna and R. Mohapatra, Phys.Lett. B216, 349 (1989).
[8] K. Babu and E. Ma, Mod.Phys.Lett. A4, 1975 (1989).
[9] H. P. Nilles, M. Olechowski, and S. Pokorski, Phys.Lett. B248, 378 (1990).
[10] X.-G. He, R. R. Volkas, and D.-D. Wu, Phys.Rev. D41, 1630 (1990).
[11] R. Rattazzi, Z.Phys. C52, 575 (1991).
[12] K. Babu and R. Mohapatra, Phys.Rev.Lett. 64, 2747 (1990).
[13] T. Appelquist, Y. Bai, and M. Piai, Phys.Lett. B637, 245 (2006), hep-ph/0603104.
[14] S. Barr, Phys.Rev. D76, 105024 (2007), 0706.1490.
[15] B. A. Dobrescu and P. J. Fox, JHEP 0808, 100 (2008), 0805.0822.
[16] M. Hashimoto and V. Miransky, Phys.Rev. D80, 013004 (2009), 0901.4354.
[17] A. Ibarra and A. Solaguren-Beascoa (2014), 1403.2382.
[18] H. Georgi and S. L. Glashow, Phys.Rev. D6, 2977 (1972).
[19] S. Weinberg, Phys.Rev.Lett. 29, 388 (1972).
[20] H. Georgi and S. L. Glashow, Phys.Rev. D7, 2457 (1973).
[21] S. M. Barr and A. Zee, Phys.Rev. D15, 2652 (1977).
[22] L. E. Ibanez, Phys.Lett. B117, 403 (1982).
[23] L. J. Hall, V. A. Kostelecky, and S. Raby, Nucl.Phys. B267, 415 (1986).
[24] T. Banks, Nucl.Phys. B303, 172 (1988).
[25] A. L. Kagan, Phys.Rev. D40, 173 (1989).
[26] K. Babu, B. Balakrishna, and R. Mohapatra, Phys.Lett. B237, 221 (1990).
[27] B. A. Dobrescu, Nucl.Phys. B449, 462 (1995), hep-ph/9504399.
[28] N. Arkani-Hamed, H. Cheng, and L. Hall, Nucl.Phys. B472, 95 (1996), hep-ph/9512302.
[29] N. Arkani-Hamed, H.-C. Cheng, and L. Hall, Phys.Rev. D54, 2242 (1996), hep-ph/9601262.
51
[30] C. Liu, Commun.Theor.Phys. 47, 1088 (2007), hep-ph/0507298.
[31] P. W. Graham and S. Rajendran, Phys.Rev. D81, 033002 (2010), 0906.4657.
[32] A. Crivellin, L. Hofer, U. Nierste, and D. Scherer, Phys.Rev. D84, 035030 (2011), 1105.2818.
[33] J. P. Conlon and F. G. Pedro, JHEP 1202, 007 (2012), 1108.2424.
[34] A. Salam and J. Strathdee, Phys.Rev. D11, 1521 (1975).
[35] M. T. Grisaru, W. Siegel, and M. Rocek, Nucl.Phys. B159, 429 (1979).
[36] S. P. Martin (1997), and references therein, hep-ph/9709356.
[37] J. D. Wells, Phys.Rev. D71, 015013 (2005), hep-ph/0411041.
[38] N. Arkani-Hamed and S. Dimopoulos, JHEP 0506, 073 (2005), hep-th/0405159.
[39] G. Giudice and A. Romanino, Nucl.Phys. B699, 65 (2004), hep-ph/0406088.
[40] P. J. Fox, D. E. Kaplan, E. Katz, E. Poppitz, V. Sanz, et al. (2005), hep-th/0503249.
[41] L. J. Hall and Y. Nomura, JHEP 1003, 076 (2010), 0910.2235.
[42] G. Aad et al. (ATLAS Collaboration), Phys.Lett. B716, 1 (2012), 1207.7214.
[43] S. Chatrchyan et al. (CMS Collaboration), Phys.Lett. B716, 30 (2012), 1207.7235.
[44] L. J. Hall and Y. Nomura, JHEP 1201, 082 (2012), 1111.4519.
[45] G. Kane, P. Kumar, R. Lu, and B. Zheng, Phys.Rev. D85, 075026 (2012), 1112.1059.
[46] M. Ibe and T. T. Yanagida, Phys.Lett. B709, 374 (2012), 1112.2462.
[47] M. Ibe, S. Matsumoto, and T. T. Yanagida, Phys.Rev. D85, 095011 (2012), 1202.2253.
[48] B. Bhattacherjee, B. Feldstein, M. Ibe, S. Matsumoto, and T. T. Yanagida, Phys.Rev. D87,
015028 (2013), 1207.5453.
[49] A. Arvanitaki, N. Craig, S. Dimopoulos, and G. Villadoro, JHEP 1302, 126 (2013),
1210.0555.
[50] L. J. Hall, Y. Nomura, and S. Shirai, JHEP 1301, 036 (2013), 1210.2395.
[51] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner, and T. Zorawski (2012), 1212.6971.
[52] G. F. Giudice, M. A. Luty, H. Murayama, and R. Rattazzi, JHEP 9812, 027 (1998), hep-
ph/9810442.
[53] L. Randall and R. Sundrum, Nucl.Phys. B557, 79 (1999), hep-th/9810155.
[54] G. Giudice and A. Masiero, Phys.Lett. B206, 480 (1988).
[55] J. Hisano, S. Matsumoto, M. Nagai, O. Saito, and M. Senami, Phys.Lett. B646, 34 (2007),
hep-ph/0610249.
[56] T. Cohen, M. Lisanti, A. Pierce, and T. R. Slatyer (2013), 1307.4082.
52
[57] J. Fan and M. Reece (2013), 1307.4400.
[58] A. Hryczuk, I. Cholis, R. Iengo, M. Tavakoli, and P. Ullio (2014), 1401.6212.
[59] Y. Nir and N. Seiberg, Phys.Lett. B309, 337 (1993), hep-ph/9304307.
[60] M. Dine and W. Fischler, Phys.Lett. B110, 227 (1982).
[61] L. Alvarez-Gaume, M. Claudson, and M. B. Wise, Nucl.Phys. B207, 96 (1982).
[62] S. Dimopoulos and S. Raby, Nucl.Phys. B219, 479 (1983).
[63] M. Dine, A. E. Nelson, and Y. Shirman, Phys.Rev. D51, 1362 (1995), hep-ph/9408384.
[64] M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, Phys.Rev. D53, 2658 (1996), hep-
ph/9507378.
[65] D. McKeen, M. Pospelov, and A. Ritz, Phys.Rev. D87, 113002 (2013), 1303.1172.
[66] T. Moroi and M. Nagai, Phys.Lett. B723, 107 (2013), 1303.0668.
[67] L. Eliaz, A. Giveon, S. B. Gudnason, and E. Tsuk (2013), 1306.2956.
[68] W. Altmannshofer, R. Harnik, and J. Zupan (2013), 1308.3653.
[69] A. Gupta, D. E. Kaplan, and T. Zorawski (2012), 1212.6969.
[70] K. Harigaya, M. Ibe, and T. T. Yanagida (2013), 1310.0643.
[71] J. Beringer et al. (Particle Data Group), Phys.Rev. D86, 010001 (2012).
[72] F. Wang, W. Wang, and J. M. Yang (2013), 1310.1750.
[73] T. Moroi and L. Randall, Nucl.Phys. B570, 455 (2000), hep-ph/9906527.
[74] T. Gherghetta, G. F. Giudice, and J. D. Wells, Nucl.Phys. B559, 27 (1999), hep-ph/9904378.
[75] P. Grajek, G. Kane, D. J. Phalen, A. Pierce, and S. Watson (2008), 0807.1508.
[76] M. Ibe, A. Kamada, and S. Matsumoto (2013), 1311.2162.
[77] Tech. Rep. CMS-PAS-HIG-13-005, CERN, Geneva (2013).
[78] Tech. Rep. ATLAS-CONF-2013-014, CERN, Geneva (2013).
[79] P. Batra, A. Delgado, D. E. Kaplan, and T. M. Tait, JHEP 0402, 043 (2004), hep-
ph/0309149.
[80] A. Maloney, A. Pierce, and J. G. Wacker, JHEP 0606, 034 (2006), hep-ph/0409127.
[81] H. K. Dreiner, H. E. Haber, and S. P. Martin, Phys.Rept. 494, 1 (2010), 0812.1594.
[82] S. Antusch and V. Maurer, JHEP 1311, 115 (2013), 1306.6879.
[83] J. Frere, D. Jones, and S. Raby, Nucl.Phys. B222, 11 (1983).
[84] L. Alvarez-Gaume, J. Polchinski, and M. B. Wise, Nucl.Phys. B221, 495 (1983).
[85] M. Claudson, L. J. Hall, and I. Hinchliffe, Nucl.Phys. B228, 501 (1983).
53
[86] W. Altmannshofer, A. J. Buras, and D. Guadagnoli, JHEP 0711, 065 (2007), hep-
ph/0703200.
[87] J. Kersten and L. Velasco-Sevilla, Eur.Phys.J. C73, 2405 (2013), 1207.3016.
[88] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini, Nucl.Phys. B477, 321 (1996),
hep-ph/9604387.
[89] N. Carrasco, M. Ciuchini, P. Dimopoulos, R. Frezzotti, V. Gimenez, et al. (2013), 1308.1851.
[90] J. F. Kamenik, M. Papucci, and A. Weiler, Phys.Rev. D85, 071501 (2012), 1107.3143.
[91] E. Braaten, C.-S. Li, and T.-C. Yuan, Phys.Rev.Lett. 64, 1709 (1990).
[92] D. Chang, T. W. Kephart, W.-Y. Keung, and T. C. Yuan, Phys.Rev.Lett. 68, 439 (1992).
[93] S. Weinberg, Phys.Rev.Lett. 63, 2333 (1989).
[94] K. Ackerstaff et al. (OPAL Collaboration), Eur.Phys.J. C7, 571 (1999), hep-ex/9808019.
[95] F. Sala (2013), 1312.2589.
[96] J. Hisano, K. Tsumura, and M. J. Yang, Phys.Lett. B713, 473 (2012), 1205.2212.
[97] S. Weinberg, Phys.Rev. D26, 287 (1982).
[98] N. Sakai and T. Yanagida, Nucl.Phys. B197, 533 (1982).
[99] P. Nath, A. H. Chamseddine, and R. L. Arnowitt, Phys.Rev. D32, 2348 (1985).
[100] I. Hinchliffe and T. Kaeding, Phys.Rev. D47, 279 (1993).
[101] M. Dine, P. Draper, and W. Shepherd (2013), 1308.0274.
[102] J. Hisano, D. Kobayashi, T. Kuwahara, and N. Nagata, JHEP 1307, 038 (2013), 1304.3651.
[103] L. J. Hall and Y. Nomura, Phys.Rev. D64, 055003 (2001), hep-ph/0103125.
[104] P. Fayet and J. Iliopoulos, Phys.Lett. B51, 461 (1974).
[105] Z. Komargodski and N. Seiberg, JHEP 0906, 007 (2009), 0904.1159.
[106] B. Holdom, Phys.Lett. B166, 196 (1986).
[107] S. Weinberg, The Quantum theory of fields. Vol. 1: Foundations (1995).
54
